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ABSTRACT: As one of the most important physical fields for Low Temperature Slow Kinetics  High Temperature Fast Kinetics
battery operation, the regulatory effect of temperature on the onoiffusion
growth of lithium dendrites should be studied. In this paper, we  © . ° g H Y : H
develop an optimized phase field model to explore the effect of Diffusion A A

. L . C L/ 'S o o
temperature on the growth of Li dendrites in Li metal batteries. s o .
We incorporated full lithium deposition kinetics, including atom  Eectrochemical Reaction

. . . g ... . o~ SEI Limit Change

diffusion and solid electrolyte interface restriction on interface 2 E
kinetics, into the model and revealed their significance in |Atombiffusion SEI Limit
determining the transformation of the lithium deposition
morphology from moss-like to dendrite-like. We found that a o Lilon LiAtom o Electron = Cu = Li -~ SEI  Electrolyte

high temperature or dispersed hot spots are more conducive to

stable battery operation than a low temperature or concentrated hot spots due to the enhanced diffusion kinetics at the high
temperature and the more uniform temperature distribution of dispersed hot spots. We believe our work can provide a useful tool for
further exploring the thermal effect on stable lithium metal battery operation.

KEYWORDS: [ithium deposition, solid electrolyte interface, phase field simulation, thermal regulation

raditional lithium-ion batteries with graphite as the anode properties inside the battery.zg’g’o’y_39 However, it is difficult

material are gradually approaching their theoretical to directly reveal the underlying mechanism through experi-
energy density limit.' > As the demand for battery capacity ments.
in electric vehicles and various portable electronic devices is The phase field method, as a mesoscale simulation tool, can
increasing, it is imperative to design high-energy density be directly used to simulate the lithium deposition and further
rechargeable batteries with high-theoretical capacity lithium explore the underlying mechanism.”***~** Some previous
metal as the electrode material.*”" However, due to the high works have explored the influence of temperature on dendrite
activity of lithium metal anodes, many performance and safety growth considering the effect of temperature on the ion
issues ir_lslg during .the ba.tte.ry charging and discharg%ng diffusion rate and electrochemical reaction rate.”*** Recently,
process. In particular, lithium dendrites formed during Zhang et al. used the phase field model to explore the effect of
battery cycling not only will lead to the loss of active materials atom diffusion on the growth of a single dendrite, illustrating
in the battery but may also pierce the separator and cause the the important role of atom diffusion on the lithium deposition
battery to short circuit.”'*~'* These issues limit the perform- process.41 However, a comprehensive model that considers
ance, safety, and cycle life of lithium metal batteries.” '~ both full deposition kinetics and SEI restriction on interface
Therefore, solving the problem of lithium dendrite growth kinetics for exploring the mechanism and evolution of lithium

inside the lithium battery is one of the most critical and
important issues. Much research has been carried out on the
solid and interface problems related to dendrite growth.'”~*’

As one of the most important physical fields for battery
operation, the temperature field has a significant impact on
dendrite nucleation, growth, and the solid electrolyte interface
(SEI).”® % For dendrite growth, Li et al. found that under a
high current density, due to the self-heating inside the battery,
the increase in the diffusion rate can promote the healing of
lithium dendrites,”” while Zhu et al. found that local hot spots
inside the battery will cause local deposition acceleration,
leading to the short circuit problem.” In general, the
temperature field mainly regulates the growth of dendrites by
affecting the diffusion kinetics, reaction kinetics, and SEI

deposition is lacking.

Herein, we optimized the previous phase field model to
explore the influence of ion diffusion, electrochemical reaction,
atom diffusion, and SEI restriction on lithium deposition
morphology under different thermal conditions. We demon-
strated the rationality and importance of introducing atom
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diffusion kinetics and SEI restriction on the direction of can provide a powerful tool for exploring lithium deposition
interface kinetics through simulating a single dendrite growth mechanisms and the stable operation of lithium metal
process. We have also deeply analyzed the process and batteries.

mechanism of lithium deposition morphology transformation The model in this paper is based on the nonlinear phase field
from moss-like to dendrite-like. In addition, the optimized model proposed by Yan et al. and the conservative Cahn—
phase field model was used to simulate the deposition results Hilliard equation.*”**~*® The detailed model is given in the
under different ambient temperatures and hot spot shapes and Supporting Information. The phase field equation is optimized
proved to be useful in exploring the lithium deposition in this paper to introduce the SEI restriction on the direction
mechanism under various conditions. We believe that our work of interface kinetics and atom diffusion kinetics:

% _ gradient energy + interfacial energy + atom diffusion energy = L _{ V[x(8)VE] + li[K/(B)ﬁ] _1lo K’(B)%
ot 2 oy Ox 2 ox oy
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(1)
where ¢ is the nonconserved phase field order variable and & deposition morphology is regular and symmetrical (Figure 1c),
values of 1 and 0 are defined to represent the electrode phase which is different from the random side branches observed in

and the electrolyte phase, respectively. We combined all of the the experiment (Figure 1b).
terms related to interface energy and introduced a random
perturbation to reflect the amorphous structure of the SEI and
its effect on the direction of the interface kinetics,’® where y is ~— T
a random number and y is the perturbation amplitude. a =04V
Moreover, we also introduced the SEI restriction on the
transport rate of ions and electrons in the interface (see the . 0
Supporting Information); hence, this model can fully reflect
the known limitations of SEI on the interface kinetics (rate and .
direction). In addition, we introduce the lithium atom diffusion R s
kinetics described by the conservative Cahn—Hilliard equation a
as a term into the equation to introduce the effect of atom
diffusion on lithium electrodeposition. After the corrections
described above and further incorporation of the ion transport
equation, potential equation, and energy equation, this phase
field model can comprehensively reflect the effects of ion
transport, electrochemical reaction, atom diffusion, and SEI
restriction on the lithium electrodeposition process. We
transformed the optimized phase field model into its
corresponding weak form so that we can solve such a system
of multiorder nonlinear coupled partial differential equations.
Other model and calculation details can be found in the
Supporting Information.

Figure 1 shows the effects of SEI and atom diffusion on the
growth morphology of a single dendrite at 25 °C. At the
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Figure 1. Single-dendrite morphology evolution under different
conditions. (a) Model setup schematic. (b) SEM image of the lithium
dendrite morphology. (c and d) Morphology without considering SEI

beginning of deposition, a semi-elliptical initial nucleus is set restriction and atom diffusion. (e and f) Considering only SEI
on the anode side, as shown in Figure la. The y-axis is the restriction. (g and h) Both effects considered.

major semi-axis, with a value of 0.1 ym, while the x-axis is the

minor semi-axis, with a value of 0.0707 ym. The evolution of The dendrite morphology evolution after considering the
single dendrites over time without considering the effect of SEI restriction on the interface kinetics is shown in panels e
atom diffusion and SEI restriction on the direction of interface and f of Figure 1. As depicted in Figure le, the main branch
kinetics is shown in panels ¢ and d of Figure 1. Due to the morphology is no longer symmetrical, and many random side
body-centered cubic crystal structure of lithium metal, the branches appear on the dendrite, which can better reflect the
main branch of the dendrite splits into three parts and grows random structure of the real lithium dendrite. The evolution of
outward during the deposition process and further splits on the a single dendrite morphology when both factors are considered
side of the main branch to form side branches. As the is shown in panels g and h of Figure 1. Although the atom
deposition proceeds, because the main branch upward can diffusion effect is weak at room temperature, one can see that
obtain the most sufficient lithium-ion supply, as depicted in the surface microwrinkles and internal micropores are partially
Figure S1, the dendrite growth rate along this direction is the eliminated. Because the effect of atom diffusion will be
fastest. As the SEI restriction is not fully considered, the significantly enhanced at high temperatures,zg’g’9 it may have a
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Figure 2. Transition of the lithium deposition morphology. (a—c) Evolution of morphology over time. (d—f) Corresponding concentration fields.
(g) Line plots of Li* concentration in the valley and dendrite regions.

significant impact on the deposition process, and therefore, it
must be considered in the phase field model.

To deeply understand the lithium deposition mechanism at
different temperature fields, we first studied the lithium
deposition morphology transformation process and mechanism
at 40 °C, as shown in Figure 2. The experimental study of Bai
et al. showed that as lithium deposition proceeds, due to the
decrease of Li* supply and the unchanged applied voltage, the
lithium deposition morphology will gradually change from a
dense moss-like shape limited by the electrochemical reaction
rate to a dendrite-like shape limited by the ion diffusion rate."
As long as the deposition continues, the process described
above is inevitable. The specific simulation verification results
are shown in Figure 2. As depicted in Figure 2a—c, as the
deposition proceeds, the lithium deposition morphology
gradually changes from a flat moss-like shape to a distinct
dendrite-like shape, and all sites almost change simultaneously,
which is consistent with the previous experimental research

2563

results.”> The corresponding concentration field distribution is
given in Figure 2d—f. One can see that during the morphology
transformation process, the Li* supply will decrease around the
dendrite and the tip effect will be more serious.

In addition, we took the intercepts of a valley and a dendrite
region (Figure 2a) and plotted the corresponding concen-
tration distribution curves over time in Figure 2g. In the early
stage of lithium deposition (before 40 s), one can see from the
concentration curve that the Li* supply is sufficient and the
corresponding deposition morphology is dense moss-like. As
the deposition proceeds (after 40 s), the supply of Li*
continues to decrease. Due to the random perturbation of
the interface kinetics caused by SEI, there is a competitive
relationship between adjacent deposition sites. The Li* supply
at some sites gradually approaches a critical value after SEI
restriction, and the corresponding deposition tends to
stagnate; a platform appears in the concentration curve at
the intercept. Those sites with advantages continue to be
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deposited, and the corresponding intercept concentration
curve is always in a fluctuating state. In the subsequent
deposition process, the supply of Li* continues to decrease,
and the tip effect becomes more obvious (see Figure 2f). More
charges and Li" are gathered at the tip of some dominant
dendrites, forming a dendritic deposition morphology. More-
over, we also simulated the case without considering the atom
diffusion kinetics, as shown in Figure S3. We found that the
time required for the deposition morphology transformation
decreased and the critical concentration increased from 180 to
192 mol/m?, indicating that atom diffusion can help maintain
the deposition morphology as a dense moss-like structure,
delay the process of the deposition morphology trans-
formation, and reduce the critical concentration for it, further
proving the significance of considering this factor in the phase
field model. Proper utilization of atom diffusion may provide
important help for the stable operation of Li metal batteries.
Having verified the inevitability of the transformation of the
lithium deposition process, we further studied the effect of
ambient temperature on the lithium deposition process, as
shown in Figure 3. In the low-temperature environment, the
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Figure 3. Lithium deposition morphology at different ambient
temperatures and the same deposition amount (15 um?). (a—f)
Morphology under ambient temperatures of 0, 20, 40, 60, 80, and 100
°C, respectively. (g) Phase interface region at 0 °C. (h) Line plot of
the interface area as a function of deposition area at different ambient
temperatures.

Li* supply reaches the critical value and the deposition
morphology changes to a dendrite shape at a very small
deposition amount (Figure 3a). As the temperature increases,
the diffusion rate inside the battery accelerates exponentially
(Arrhenius correlation), and the moss-like deposition
morphology can still be maintained under a large deposition
amount (Figure 3f). An adequate Li* supply ensures that the
deposition remains in a moss-like shape limited by the
electrochemical reaction rate, and rapid atom diffusion tends
to keep the deposition specific surface area at a minimum,
further ensuring the flatness of lithium deposition. The results
without considering atom diffusion are shown in Figure S4. At
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low temperatures, the atom diffusion kinetics is weak and the
deposition morphologies are slightly different. As the ambient
temperature increases, the number of voids decreases greatly
but the deposition amount required for the morphology
transformation also continues to increase, indicating that atom
diffusion kinetics plays a vital role in the lithium electro-
deposition process.

Moreover, the order variable in the range of 0.2—0.8 is taken
as the phase interface to quantitatively study the effect of
ambient temperature on lithium deposition, as shown in Figure
3g. The corresponding phase interface area over the amount of
deposition is shown in Figure 3h. The interphase area can
reflect the amount of Li* consumed by the side reaction to
generate the solid electrolyte interface. One can clearly see that
the specific surface area of lithium deposition decreases
significantly as the temperature increases, which is beneficial
to the long-term stable cycling of lithium metal batteries.”® It
should be noted that as we introduced the random
perturbation of interface kinetics by SEI, the deposition
morphology presents a very random structure, which is more
consistent with the real dendrite morphologies observed in
experiment.”” In addition, on the basis of the previous
definition of the phase interface, we measured the thickness
of the interface layer at several locations, which was
approximately 35—40 nm and very close to the SEI thickness
observed in the experiment using cryo-electron microscopy.””

We further explored the influence of a local hot spot inside
the battery on lithium deposition, as shown in Figure 4.
Through experimental studies, Zhu et al. found that local hot
spots inside the battery will cause the acceleration of local
deposition, which may lead to short circuit problems inside the
battery.” Here we used the optimized phase field model to
deeply analyze the influence and mechanism of local hot spots
on the lithium deposition morphology. Some parameters were
modified so that we can show the impact of a local hot spot in
a calculation domain smaller than a real battery (see the
Supporting Information for more details). Under a square hot
spot (100 nm X 100 nm), the temperature field near the hot
spot is more concentrated (Figure 4a). As the deposition
proceeds, an obvious tip effect occurs, and many charges and
ions accumulate above the hot spot, leading to accelerated
deposition at this site (Figure SS). The morphology shows an
obvious dendritic shape (Figure 4c). Under a rectangle local
hot spot (500 nm X S0 nm), the temperature field near the hot
spots is more uniform (Figure 4b), the tip effect above the hot
spots is significantly alleviated, and the uniformity of the
deposition morphology is significantly improved (Figure 4d).
One can see from the corresponding phase interface area
changing curve that with the “dilution” of local hot spots, the
specific surface area of lithium deposition is significantly
reduced (Figure 4e), which is conducive to the long-term
stable operation of lithium metal batteries and consistent with
previous experimental results.””

In conclusion, we optimized the previous phase field model
to comprehensively study the lithium deposition mechanism
under different conditions. The results show that after
considering the SEI restrictions and atom diffusion, the
deposition can be closer to the actual morphology. Through
calculation, we verified the inevitability of lithium deposition
morphology transforming from mossy to dendritic and proved
the significance of model optimization on it. We found that
with an increase in ambient temperature the deposition
amount required for the transformation can be increased,
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Figure 4. Temperature field and corresponding deposition results with different hot spot shapes. (a and b) Temperature field under square (100
nm X 100 nm) and rectangle (500 nm X S0 nm) hot spots, respectively. (c and d) Corresponding deposition morphologies. (e) Line plot of the
interphase area as a function of deposition area under different hot spots.

which is beneficial to battery cycling. Moreover, our results
show that with the “dilution” of the local hot spot, the tip effect
above the hot spot can be alleviated, inhibiting the formation
of lithium dendrites, which is conducive to the stable operation
of the battery. It is worth noting that the mechanical properties
and fracture problems of SEI have not been considered in our
model, which is also one of the issues worth studying. In
addition, the battery temperature cannot be increased infinitely
under actual conditions to keep it from failing. Our model can
conveniently and relatively accurately simulate the lithium
deposition morphology under various conditions. We hope it
could provide aid for further exploring thermally regulated
stable operation of lithium metal batteries.
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