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Lithium metal batteries are the most promising choices for next-generation high-energy–density batter-
ies. However, there is little mechanism understanding on lithium dendrite growth during lithium plating
and the dead lithium (the main component of inactive lithium) formation during lithium stripping. This
work proposed a phase field model to describe the lithium stripping process with dead lithium formation.
The coupling of galvanostatic conditions enables the phase field method to accurately match experimen-
tal results. The factors influencing the dead lithium formation on the increasing discharge polarization
are revealed. Besides, the simulation of the battery polarization curve, the capacity loss peak, and the
Coulomb efficiency is realized. This contribution affords an insightful understanding on dead lithium for-
mation with phase field methods, which can contribute general principles on rational design of lithium
metal batteries.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

As the world pays ever-growing attention to green energy and
carbon neutrality, the development of energy storage systems with
high specific energy has become the key to the development of
low-carbon energy. Among various types of secondary batteries,
lithium metal batteries based on lithium metal anodes are one of
the most promising batteries to achieve high specific energy. How-
ever, the instability of the lithium metal anode significantly hin-
ders the practical application of lithium metal batteries. These
issues are mainly attributed to the unstable lithium metal plating
and stripping process with lithium dendrites and dead lithium,
respectively, and commonly formed unstable SEI (solid electrolyte
interphase), making lithium metal batteries meet challenges like
poor cycle efficiency, short cycle life, and even security risks [1–3].

Realizing a controllable lithiummetal plating and stripping pro-
cess is the most critical step to improve the cycle efficiency and
lifespan of lithium metal batteries [4–8]. The understanding on
the mechanisms of the lithium metal plating and stripping process
is still very scarce, especially the stripping process, which makes it
difficult to achieve accurate construction of an effectively
controlled lithium metal anode. The plating process of lithium
metal is often accompanied by the growth of numerous lithium
dendrites, which is mainly due to the extremely unstable interface
of lithium metal and the retarded lithium-ion migration rate in
electrolytes. During the stripping process, the lithium dendrites
tend to dissolve unevenly, causing some metallic lithium to sepa-
rate from the bulk lithium metal anode. The detached lithium
metal, which is named dead lithium and also the main component
of inactive lithium, cannot exchange electrons with the current col-
lector, and is therefore unable to contribute its capacity in the sub-
sequent cycles (Fig. 1). The formation of dead lithium will
irreversibly lose the cycle capacity of the battery and reduce its
Coulombic efficiency. Besides, the accumulated dead lithium in
multiple cycles takes major responsibility for the pulverization of
the lithium metal anode, which greatly shortens the cycle life of
the lithium metal battery [9–16].

Compared with the massive research works on lithium dendrite
growth during lithium plating, research on the dead lithium forma-
tion during the lithium stripping process is still scanty [17–33].
Various experimental technologies, such as in-situ optical micro-
scopy [34], NMR (nuclear magnetic resonance) [35], ex-situ SEM
(scanning electron microscope) [36], and TGC (titration gas chro-
matography) [37], have been proposed for qualitative or quantita-
tive exploration of lithium stripping and dead lithium formation
process [38–44]. However, it is extremely difficult to reveal the
reserved.
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Fig. 1. The formation of dead lithium during the lithium stripping process.
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structure–performance relationship between the dead lithium for-
mation and the discharging electrochemical performance due to
the limitation of the high instability of lithium metal and the high
complexity and difficulty of in-situ accurate quantitative character-
izations. While the experimental exploration is struggling, various
theoretical models have been proposed to investigate the mecha-
nism of the cycle process in lithium metal batteries, including den-
sity functional theory (DFT) [45], molecular dynamics (MD)
simulation [46], Monte Carlo (MC) method [47], finite element
method (FEM) [48], and phase field method (PFM) [49–53]. Among
them, the phase field method has become the most accurate and
effective theoretical model for quantitatively studying the mecha-
nism of lithium metal anodes, due to its outstanding ability to
accurately track the phase change interface evolution at the
mesoscale. Based on the theoretical basis of the early established
electrochemistry phase field theory [54,55,56], Chen et al. realized
the Butler–Volmer equation coupled phase field model of the
lithium dendrite growth [57,58]. After that, many phase field mod-
els emerged to investigate mechanisms of lithium metal anodes
from the perspectives of structure design [59–62], mechano-
electrochemical [63,64], thermal effect [65,66], etc. However, these
theoretical calculations mainly explored the lithium plating pro-
cess, and hardly involved the equally critical stripping process of
lithiummetal anodes, which is essential to construct lithiummetal
batteries with high cycle efficiency and long lifespan.

In this contribution, a phase field model on the lithium stripping
process with dead lithium formation is constructed for the first
time. The galvanostatic charge and discharge process of lithium
metal anodes were also firstly simulated with phase field models.
Such galvanostatic simulation conditions allow us to feel accurate
morphology and electric potential evolution processes, which
match the mainstream galvanostatic results in experiments, lead-
ing to mechanism conclusions with practical guiding significance.
2. Modeling method

The electrochemical reaction during the lithium plating and
stripping process in lithium metal batteries can be illustrated as
follows.

Liþ þ e�� Li ð1Þ
In this two-phase system, there is both an electrolyte liquid

phase containing lithium ions and a solid phase composed of
lithium metal. Here, a phase field order parameter n is introduced
to describe the phase change evolution of the two phases, where
n = 0 denotes the electrolyte liquid phase, and n = 1 denotes the
lithium metal solid phase. n varies from 0 to 1 in the interfacial
region, representing a diffuse interface between lithium metal
and electrolyte. It should be noticed that such diffuse interface is
a numerical virtual interface, and does not refer to the actual SEI
on lithium metal anodes.
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Based on Chen’s nonlinear phase field model and our previous
works [49,57,59,63], the total free energy can be given by

F ¼
Z
V

f ch cið Þ þ f grad nð Þ þ f elec ci;uð Þ þ f ns nð Þ� �
dV ð2Þ

where f ch cið Þ ¼ P
ci RT ln ai þ lh

i

� �
is the Helmholtz free energy den-

sity. ci, ai, and lh
i are the concentrations, the activities, and the ref-

erence chemical potential of species i (for Li ions, anions, and Li
atoms), respectively. R is the molar gas constant. T is the tempera-
ture. f grad nð Þ ¼ 1

2rn � jrn is the gradient energy density, and the
gradient coefficient j can be expanded as
j hð Þ ¼ j0 1þ d cos xhð Þ½ �, which is associated with the surface
energy anisotropy. j0, d, x, and h are the gradient energy coeffi-
cient, the anisotropy strength, the anisotropy mode, and the relative
angle of the interface normal vector, respectively.
f elec ci;uð Þ ¼ Fu

P
zici is the electrostatic energy density, u is the

electrostatic potential, F is the Faraday’s constant, and zi is the

valence of species i. f ns nð Þ ¼ h
0
nð Þvw is the noise term presenting

the non-uniform interface. v and w are the random number and
the amplitude of fluctuation, respectively.

Coupled with Butler–Volmer kinetics, the partial differential
equations that describe the temporal evolution of order parameter
n can be deduced [57,59]. For lithium plating process

@n
@t

¼ �Lr
@f 0
@n

� jr2nþ @f ns
@n

� �

� Lgh
0
nð Þ exp

1� að ÞFg
RT

� cLiþ
c0

exp
�aFg
RT

� 	
ð3Þ

where Lr denotes the interfacial mobility, Lg denotes the reaction

constant. f 0 nð Þ ¼ Wn2 1� nð Þ2 is an arbitrary double well function,
where W/16 represents the barrier height between the two equilib-
rium states for electrode and electrolyte. h nð Þ ¼ n3 6n2 � 15nþ 10

� �
is an interpolating function. 1� a and a are the anodic and cathodic
charge transfer coefficients, respectively. g ¼ us �ul � Eeq is the
activation overpotential, us, ul, and Eeq are the electrostatic poten-
tial in the lithium metal solid phase, the electrostatic potential in
the electrolyte liquid phase, and the equilibrium potential (which
equals to 0 in this model), respectively.

For lithium stripping process

@n
@t

¼ �f dLr
@f 0
@n

� jr2nþ @f ns
@n

� �

� f dLgh
0
nð Þ exp

1� að ÞFg
RT

� aLiþ exp
�aFg
RT

� 	
ð4Þ

where f d ¼ f step �ul=udð Þ is introduced as a variable to describe the
active state of local lithium metal; f step xð Þ is a step function that
steps from 1 to 0 when x is larger than 1; the reference potential
ud is set as 1.0 mV, thus, f d ¼ 1 denotes active lithium, f d ¼ 0
denotes dead lithium. It is worth noting that the determination of
the ud value here needs to be adjusted according to the specific
model, which will significantly affect the accuracy of the descrip-
tion on the active state of lithium metal. aLiþ ¼ h cLiþ=c0ð Þ is intro-
duced as the activity of Li ions, since the Li ion concentration is
higher than 1.0 M during the lithium stripping process, suggesting
that it is no longer suitable to approximate Li ion activity to Li ion
concentration directly.

The partial differential equation that describe the temporal evo-
lution of Li ion concentration is given as

@cLiþ
@t

¼ r � DLiþrcLiþ þ DLiþcLiþ
F
RT

rul

� �
� cs

@n
@t

ð5Þ

where DLiþ is the Li ion diffusion coefficient in electrolytes. cs is the
Li atom concentration in the lithium metal solid phase.The electro-
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static potential in the lithium metal solid phase us here is consid-
ered equal everywhere in the whole lithium metal solid phase,
and only evolves over time, which is controlled by galvanostatic
simulation conditions. The electric potential in the electrolyte liquid
phase ul can be solved with Poisson’s equation

r2ul ¼ 0 ð6Þ
The galvanostatic simulation conditions are realized by intro-

ducing global equations, which solve two variables us and ul;up

by iterative method to keep the two equal signs in the following
equation are always true during the whole lithium plating/strip-
ping process

I0 ¼ Ir ¼ Imt ð7Þ
where ul;up is the maximum liquid phase potential difference of the
model, that is, the electric potential boundary value at the upper
boundary. I0 is the constant areal current density as an input
parameter of the model, taking positive and negative values during
the charging and discharging process, respectively. Ir is the reaction
areal current density. Imt is the mass transfer areal current density.

Ir ¼ csF
S

Z
V

@n
@t

dV ð8Þ

Imt ¼ F
S

Z
S

n
! � DLiþrcLiþ þ DLiþcLiþ

F
RT

rul

� �
dS ð9Þ

where S is the projected area of the model in the vertical direction.
n! is the outward unit normal vector at the upper boundary.

This galvanostatic lithium plating and stripping phase field
model was simulated by finite element method on COMSOL Multi-
physics 5.5 platform. A two-dimensional model consisting of a 30.
0 lm � 30.0 lm square domain is introduced. The maximum grid
spacing is 0.5 lm. The upper boundary is considered as the bulk
electrolyte with a constant Li ion concentration c0 and a variable
liquid phase electric potential ul;up. The lower boundary acts as a
Fig. 2. Phase field simulations of the galvanostatic lithium plating and stripping processe
current density of 10 mA cm�2; (d–f) Dead lithium formation process at 0, 240.0, and 4
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current collector, where the liquid phase electric potential ul is
set as 0. The parameters mentioned above are detailed in Table S1.
3. Results and discussion

The dendritic lithium plating morphology is the main prerequi-
site for the massive production of dead lithium in the lithium strip-
ping process. In order to accurately quantitatively simulate the
formation process of dead lithium, the lithium dendrite morphol-
ogy was firstly generated with this galvanostatic lithium plating
phase field model (Fig. 2a–c). By introducing the noise term
f ns nð Þ in consideration of the effect of the non-uniform surface
energy, the tree-like lithium metal dendrites with inconsistent
thickness, random bifurcation, and random kinks that are closer
to the observed lithium dendrites by experiments can be
simulated.

Taking the lithium dendrite morphology at 480.0 s of the
lithium plating process as the initial morphology of the discharge
lithium stripping process, the dead lithium formation during the
galvanostatic lithium stripping process was simulated (Fig. 2d–f,
Fig. S1). During the discharge process, a growing number of lithium
metal pieces are separated from the bottom active lithium to form
dead lithium. When the discharge time reaches 404.8 s, all active
lithium is consumed, and the lithium stripping simulation ends
automatically.

An in-depth analysis of the lithium stripping process at differ-
ent discharge times is conducted (Fig. 3). In order to clearly distin-
guish between active lithium and dead lithium in phase field order
parameter diagrams in Fig. 3(a–c), Fig. 3(d–f) exhibits a distribu-
tion map of active lithium and dead lithium, according to the intro-
duced active state function f d. The simulated dynamic process of
dead lithium formation can be found in Movie S1. Obviously, the
generation of dead lithium starts from the top first, since the
lithium metal on dendrite tips is far away from the bottom current
collector, and the uneven lithium dissolution process can easily
render multiple dissolve sites on the dendrite waist. When the
lithium metal detaches and becomes dead lithium, the internal
s. (a–c) Lithium dendrite growth at 0, 240.0, and 480.0 s, respectively, with a plating
04.8 s (cut-off time), with a stripping current density of 10 mA cm�2.



Fig. 3. The dead lithium formation processes. (a–c) Lithium stripping morphology evolution (phase field order parameter); (d–f) distribution of active lithium and dead
lithium; (g–i) electrostatic potential evolution; (j–l) activation overpotential at the active lithium surface; (m–o) Li ion concentration in electrolytes at 120.0, 280.0, and
360.0 s, respectively.
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Fig. 4. Electrochemical properties during dead lithium formation. (a and b) The
primary dead lithium pieces; (c) total voltage U and average activation overpoten-
tial ga curves; (d) total lithium metal capacity Q, active lithium capacity Qactive, and
dead lithium capacity Qdead curves; (e) the capacity loss rate spectrum with
multiple loss peaks corresponding to the primary dead lithium pieces.
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electrostatic potential of the dead lithium will be consistent with
the potential of the surrounding liquid electrolyte (Fig. 3g–i). Due
to the high electrical conductivity of the lithiummetal, the internal
potential of each piece of dead lithium is consistent everywhere.
Dead lithium has the same electrostatic potential as the surround-
ing electrolyte, and cannot transmit electrons to the current collec-
tor, so it is naturally unable to be oxidized and contribute its
capacity. Besides, it is worth noting that under the condition of gal-
vanostatic discharge condition, when dead lithium is formed, the
surface area of active lithium will suddenly reduce, which makes
the local areal reaction rate suddenly increase. Correspondingly,
the activation overpotential that drives the electrochemical reac-
tion will suddenly arise after the formation of dead lithium. As
shown in Fig. 3(j–l), when no dead lithium is formed at 120.0 s,
the average activation overpotential is only about 2 mV. When a
small amount of dead lithium is formed at 280.0 s, the average
activation overpotential increases to about 4 mV. When a large
amount of dead lithium is formed at 360.0 s, the active surface area
is greatly reduced, and the activation overpotential increases to
over 10 mV. Furthermore, the Li ion concentration around the
lithium dendrites will increase rapidly during the lithium stripping
process (Fig. 3m–o, Fig. S2). According to the Nernst equation or
Butler–Volmer kinetics, the increase of the Li ion concentration
slows down the dissolution reaction rate of lithium metal under
the same activation overpotential. Under the external galvanos-
tatic condition, the rise of local Li ion concentration also aggravates
the increase of activation overpotential. The significant reduction
in the active surface area and the increase in the local Li ion con-
centration together significantly intensify the activation overpo-
tential in the later stage of the dead lithium forming discharge
process.

Both voltage and current curves of the full-cell or half-cell are
always collected synchronously from a working battery during
the cell discharge process. The capacity profile can be also
obtained. It is difficult to analyze the specific lithium stripping pro-
cess only with these curves. Based on phase field model results, the
influence of the dead lithium formation on the electrochemical
properties can be further revealed. The 8 largest dead lithium
pieces are marked with serial numbers from (1) to (8) according
to the formation sequence (Fig. 4a and b). Among them, the first
piece of dead lithium is formed at 250.5 s. In the curves of total
voltage and average activation overpotential, after the time the
first piece of dead lithium formed, the activation overpotential
begins to rise (Fig. 4c). Besides, the closer to the discharge cut-off
time, the greater the influence of the dead lithium formation on
the jump of activation overpotential. At the same time, the total
voltage is also increased step by step in synchronization with the
activation overpotential. The model employed herein is a half-
cell with an equilibrium potential of 0 V, therefore the total voltage
in the figure corresponds to the total polarization. When dead
lithium is formed, it will significantly strengthen the battery polar-
ization, especially at the end of the discharge process, where a tiny
dead lithium formation will also greatly increase the polarization.
In the capacity curves, the dead lithium capacity begins to appear
after 250.5 s and gradually rises until 404.8 s when the active
lithium capacity is reduced to zero with discharge cut-off
(Fig. 4d). The Coulombic efficiency can be directly calculated as
83.1% (including the capacity of the existing lithium nucleation
sites before the lithium dendrite growth in Fig. 2a). The capacity
loss rate Iloss is defined as the first derivative of dead lithium capac-
ity with respect to time (Fig. 4e). The loss peaks on the spectrum
can clearly identify all dead lithium formation time points. Obvi-
ously, these peaks are in one-to-one correspondence with the
potential step time points in Fig. 4c. Therefore, by analyzing the
total voltage curve or polarization curve obtained in experiments,
the rapid identification of the dead lithium formation can be real-
33
ized. Experiments usually provide only the total polarization and
the total capacity curves, the mechanisms behind the electrochem-
ical properties can be revealed in detail through phase field theory
simulations.

4. Conclusions

A phase field model on the lithium stripping process with dead
lithium formation was proposed for the first time. The galvanos-
tatic charge and discharge conditions were also realized in this
contribution, which can be matched with experimental results
more conveniently and accurately, compared with the previous
electrochemistry phase field models. With the proposed model,
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the dead lithium formation process and its impacts on electro-
chemical performance were revealed.

1) The dead lithium formation reduces the active lithiummetal
surface area, and the increasing local Li ion concentration
during lithium stripping together significantly increases
the activation overpotential and cell polarization.

2) The dead lithium formation is directly responsible for the
loss of cycle capacity. The phase field theory reveals the cor-
respondence between the polarization curve and the capac-
ity loss peak, and can realize the quantitative calculation of
the Coulombic efficiency.

The dead lithium formation model proposed here is also of
guiding significance for the simulation of material inactivation
caused by fracture in other batteries. Besides, in order to obtain
more instructive quantitative rules for the design of practical
lithium metal batteries, large amounts of efforts on model adjust-
ment are still required, such as the self-adapting description on the
active state of local lithium metal. Furthermore, how material
properties and charge–discharge conditions affect the formation
process of dead lithium also needs to be further explored.

The phase field theory can carry out detailed and accurate quan-
titative exploration of the dead lithium formation process, and
even other energy chemistry mechanisms on lithium metal batter-
ies, from a perspective that was difficult to penetrate by routine
experimental methods. The investigation on the mechanism of
the lithium stripping process helps to further develop lithium
metal batteries with high cycle efficiency and long lifespan.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Scientific
Foundation of China (22109011) and the China Postdoctoral
Science Foundation (BX20200047, 2021M690380).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jechem.2021.12.020.

References

[1] C. Yan, H. Yuan, H.S. Park, J.-Q. Huang, J. Energy Chem. 47 (2020) 217–220.
[2] X.-B. Cheng, R. Zhang, C.-Z. Zhao, Q. Zhang, Chem. Rev. 117 (2017) 10403–

10473.
[3] J. Xiao, Science 366 (2019) 426–427.
[4] M. Gao, H. Li, L. Xu, Q. Xue, X. Wang, Y. Bai, C. Wu, J. Energy Chem. 59 (2021)

666–687.
[5] Q.K. Zhang, X.Q. Zhang, H. Yuan, J.Q. Huang, Small Sci. 1 (2021) 2100058.
[6] X.-R. Chen, B.-C. Zhao, C. Yan, Q. Zhang, Adv. Mater. 33 (2021) 2004128.
[7] H. Zhang, Y. Chen, C. Li, M. Armand, SusMat 1 (2021) 24–37.
[8] R. Wang, W. Cui, F. Chu, F. Wu, J. Energy Chem. 48 (2020) 145–159.
[9] X. Shen, X.Q. Zhang, F. Ding, J.Q. Huang, R. Xu, X. Chen, C. Yan, F.Y. Su, C.M.

Chen, X.J. Liu, Q. Zhang, Energy Mater. Adv. 2021 (2021) 1205324.
[10] X. Zheng, L. Huang, X. Ye, J. Zhang, F. Min, W. Luo, Y. Huang, Chemistry 7 (2021)

2312–2346.
[11] R. Xu, X.-B. Cheng, C. Yan, X.-Q. Zhang, Y. Xiao, C.-Z. Zhao, J.-Q. Huang, Q.

Zhang, Matter 1 (2019) 317–344.
[12] Y. Liu, Y. Zhai, Y. Xia, W. Li, D. Zhao, Small Struct. 2 (2021) 2000118.
[13] M. Wu, Y. Li, X. Liu, S. Yang, J. Ma, S. Dou, SmartMat 2 (2021) 5–11.
[14] Y. Han, B. Liu, Z. Xiao, W. Zhang, X. Wang, G. Pan, Y. Xia, X. Xia, J. Tu, InfoMat 3

(2021) 155–174.
34
[15] J. Liu, H. Yuan, X. Tao, Y. Liang, S.J. Yang, J.-Q. Huang, T.-Q. Yuan, M.-M. Titirici,
Q. Zhang, EcoMat 2 (2020) e12019.

[16] L. Kong, C. Tang, H.-J. Peng, J.-Q. Huang, Q. Zhang, SmartMat 1 (2020) e1007.
[17] M. Yang, Y. Liu, A.M. Nolan, Y. Mo, Adv. Mater. 33 (2021) 2008081.
[18] Y. Shi, J. Wan, G.-X. Liu, T.-T. Zuo, Y.-X. Song, B. Liu, Y.-G. Guo, R. Wen, L.-J. Wan,

Angew. Chem. Int. Ed. 59 (2020) 18120–18125.
[19] C.-B. Jin, X.-Q. Zhang, O.-W. Sheng, S.-Y. Sun, L.-P. Hou, P. Shi, B.-Q. Li, J.-

Q. Huang, X.-Y. Tao, Q. Zhang, Angew. Chem. Int. Ed. 60 (2021) 22990–
22995.

[20] B.Q. Li, X.R. Chen, X. Chen, C.X. Zhao, R. Zhang, X.B. Cheng, Q. Zhang, Research
2019 (2019) 4608940.

[21] X. Shen, X.-B. Cheng, P. Shi, J. Huang, X.-Q. Zhang, C. Yan, T. Li, Q. Zhang, J.
Energy Chem. 37 (2019) 29–34.

[22] Y.M. Chen, Z.Q. Wang, X.Y. Li, X.H. Yao, C. Wang, Y.T. Li, W.J. Xue, D.W. Yu, S.Y.
Kim, F. Yang, A. Kushima, G.G. Zhang, H.T. Huang, N. Wu, Y.W. Mai, J.B.
Goodenough, J. Li, Nature 578 (2020) 251–255.

[23] M.J. Zachman, Z.Y. Tu, S. Choudhury, L.A. Archer, L.F. Kourkoutis, Nature 560
(2018) 345–349.

[24] C.-X. Zhao, W.-J. Chen, M. Zhao, Y.-W. Song, J.-N. Liu, B.-Q. Li, T. Yuan, C.-M.
Chen, Q. Zhang, J.-Q. Huang, EcoMat 3 (2021) e12066.

[25] Y.-X. Yao, X.-Q. Zhang, B.-Q. Li, C. Yan, P.-Y. Chen, J.-Q. Huang, Q. Zhang,
InfoMat 2 (2020) 379–388.

[26] S. Yuan, T. Kong, Y. Zhang, P. Dong, Y. Zhang, X. Dong, Y. Wang, Y. Xia, Angew.
Chem. Int. Ed. (2021), https://doi.org/10.1002/anie.202108397.

[27] E.M. Hitz, H. Xie, Y. Lin, J.W. Connell, G.W. Rubloff, C.-F. Lin, L. Hu, Small Struct.
2 (2021) 2100014.

[28] Y.-W. Song, P. Shi, B.-Q. Li, X. Chen, C.-X. Zhao, W.-J. Chen, X.-Q. Zhang, X. Chen,
Q. Zhang, Matter 4 (2021) 253–264.

[29] S. Li, Z. Li, L. Huai, M. Ma, K. Luo, J. Chen, D. Wang, Z. Peng, J. Energy Chem. 62
(2021) 179–190.

[30] X.-Q. Xu, R. Xu, X.-B. Cheng, Y. Xiao, H.-J. Peng, H. Yuan, F. Liu, J. Energy Chem.
56 (2021) 391–394.

[31] Y. Gao, F. Qiao, J. You, C. Shen, H. Zhao, J. Gu, Z. Ren, K. Xie, B. Wei, J. Energy
Chem. 55 (2021) 580–587.

[32] K. Shi, Z. Wan, L. Yang, Y. Zhang, Y. Huang, S. Su, H. Xia, K. Jiang, L. Shen, Y. Hu,
S. Zhang, J. Yu, F. Ren, Y.-B. He, F. Kang, Angew. Chem. Int. Ed. 59 (2020)
11784–11788.

[33] K. Zhang, F. Wu, K. Zhang, S. Weng, X. Wang, M. Gao, Y. Sun, D. Cao, Y. Bai, H.
Xu, X. Wang, C. Wu, Energy Storage Mater. 41 (2021) 485–494.

[34] X.-R. Chen, C. Yan, J.-F. Ding, H.-J. Peng, Q. Zhang, J. Energy Chem. 62 (2021)
289–294.

[35] Y. Xiang, M. Tao, G. Zhong, Z. Liang, G. Zheng, X. Huang, X. Liu, Y. Jin, N. Xu, M.
Armand, J.-G. Zhang, K. Xu, R. Fu, Y. Yang, Sci. Adv. 7 (2021) eabj3423.

[36] P. Shi, X.-B. Cheng, T. Li, R. Zhang, H. Liu, C. Yan, X.-Q. Zhang, J.-Q. Huang, Q.
Zhang, Adv. Mater. 31 (2019) 1902785.

[37] C.C. Fang, J.X. Li, M.H. Zhang, Y.H. Zhang, F. Yang, J.Z. Lee, M.H. Lee, J. Alvarado,
M.A. Schroeder, Y.Y.C. Yang, B.Y. Lu, N. Williams, M. Ceja, L. Yang, M. Cai, J. Gu,
K. Xu, X.F. Wang, Y.S. Meng, Nature 572 (2019) 511–515.

[38] H. Sun, Q. Liu, J. Chen, Y. Li, H. Ye, J. Zhao, L. Geng, Q. Dai, T. Yang, H. Li, Z. Wang,
L. Zhang, Y. Tang, J. Huang, ACS Nano (2021), https://doi.org/10.1021/
acsnano.1021c04864.

[39] S. Xu, K.-H. Chen, N.P. Dasgupta, J.B. Siegel, A.G. Stefanopoulou, J. Electrochem.
Soc. 166 (2019) A3456–A3463.

[40] C. Jin, T. Liu, O. Sheng, M. Li, T. Liu, Y. Yuan, J. Nai, Z. Ju, W. Zhang, Y. Liu, Y.
Wang, Z. Lin, J. Lu, X. Tao, Nat. Energy 6 (2021) 378–387.

[41] L. Yu, J. Wang, Z.J. Xu, Small Struct. 2 (2021) 2000043.
[42] X.-R. Chen, Y.-X. Yao, C. Yan, R. Zhang, X.-B. Cheng, Q. Zhang, Angew. Chem. Int.

Ed. 59 (2020) 7743–7747.
[43] H. Mao, W. Yu, Z. Cai, G. Liu, L. Liu, R. Wen, Y. Su, H. Kou, K. Xi, B. Li, H.

Zhao, X. Da, H. Wu, W. Yan, S. Ding, Angew. Chem. Int. Ed. 60 (2021)
19306–19313.

[44] R. Zhang, X. Chen, X. Shen, X.-Q. Zhang, X.-R. Chen, X.-B. Cheng, C. Yan, C.-Z.
Zhao, Q. Zhang, Joule 2 (2018) 764–777.

[45] X. Chen, Y.-K. Bai, X. Shen, H.-J. Peng, Q. Zhang, J. Energy Chem. 51 (2020) 1–6.
[46] X. Chen, X. Shen, T.-Z. Hou, R. Zhang, H.-J. Peng, Q. Zhang, Chemistry 6 (2020)

2242–2256.
[47] F. Hao, B.S. Vishnugopi, A. Verma, P.P. Mukherjee, J. Phys. Chem. C (2021),

https://doi.org/10.1021/acs.jpcc.1021c06532.
[48] X. Shen, R. Zhang, X. Chen, X.B. Cheng, X. Li, Q. Zhang, Adv. Energy Mater. 10

(2020) 1903645.
[49] V. Yurkiv, T. Foroozan, A. Ramasubramanian, R. Shahbazian-Yassar, F.

Mashayek, Electrochim. Acta 265 (2018) 609–619.
[50] Z. Hong, V. Viswanathan, ACS Energy Lett. 3 (2018) 1737–1743.
[51] Z. Mu, Z. Guo, Y.-H. Lin, Energy Storage Mater. 30 (2020) 52–58.
[52] Y. Lu, L. Chang, Y. Song, L. He, Y. Ni, Extreme Mech. Lett. 42 (2021) 101152.
[53] Q. Wang, G. Zhang, Y. Li, Z. Hong, D. Wang, S. Shi, npj Comput. Mater. 6 (2020)

176.
[54] M.Z. Bazant, Acc. Chem. Res. 46 (2013) 1144–1160.
[55] J.E. Guyer, W.J. Boettinger, J.A. Warren, G.B. McFadden, Phys. Rev. E 69 (2004)

021603.
[56] J.E. Guyer, W.J. Boettinger, J.A. Warren, G.B. McFadden, Phys. Rev. E 69 (2004)

021604.
[57] L. Chen, H.W. Zhang, L.Y. Liang, Z. Liu, Y. Qi, P. Lu, J. Chen, L.-Q. Chen, J. Power

Sources 300 (2015) 376–385.
[58] L. Liang, L.-Q. Chen, Appl. Phys. Lett. 105 (2014) 263903.

https://doi.org/10.1016/j.jechem.2021.12.020
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0005
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0010
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0010
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0015
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0020
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0020
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0025
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0030
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0035
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0040
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0045
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0045
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0050
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0050
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0055
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0055
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0060
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0065
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0070
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0070
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0075
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0075
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0080
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0085
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0090
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0090
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0095
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0095
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0095
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0100
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0100
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0105
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0105
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0110
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0110
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0110
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0115
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0115
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0120
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0120
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0125
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0125
https://doi.org/10.1002/anie.202108397
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0135
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0135
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0140
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0140
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0145
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0145
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0150
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0150
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0155
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0155
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0160
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0160
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0160
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0165
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0165
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0170
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0170
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0175
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0175
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0180
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0180
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0185
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0185
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0185
https://doi.org/10.1021/acsnano.1021c04864
https://doi.org/10.1021/acsnano.1021c04864
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0195
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0195
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0200
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0200
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0205
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0210
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0210
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0215
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0215
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0215
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0220
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0220
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0225
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0230
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0230
https://doi.org/10.1021/acs.jpcc.1021c06532
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0240
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0240
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0245
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0245
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0250
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0255
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0260
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0265
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0265
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0270
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0275
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0275
http://refhub.elsevier.com/S2095-4956(21)00682-3/optHuxKsWkYBf
http://refhub.elsevier.com/S2095-4956(21)00682-3/optHuxKsWkYBf
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0280
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0280
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0285


R. Zhang, X. Shen, Y.-T. Zhang et al. Journal of Energy Chemistry 71 (2022) 29–35
[59] R. Zhang, X. Shen, X.-B. Cheng, Q. Zhang, Energy Storage Mater. 23 (2019) 556–
565.

[60] Y. Ren, Y. Zhou, Y. Cao, J. Phys. Chem. C 124 (2020) 12195–12204.
[61] W. Mu, X. Liu, Z. Wen, L. Liu, J. Energy Storage 26 (2019) 100921.
[62] X. Shen, R. Zhang, S. Wang, X. Chen, C. Zhao, E. Kuzmina, E. Karaseva, V.

Kolosnitsyn, Q. Zhang, Chin. J. Chem. Eng. 37 (2021) 137–143.
35
[63] X. Shen, R. Zhang, P. Shi, X. Chen, Q. Zhang, Adv. Energy Mater. 11 (2021)
2003416.

[64] J. Zhang, y. Liu, C. Wang, H. Tan, J. Electrochem. Soc. 168 (2021) 090522.
[65] H.H. Yan, Y.H. Bie, X.Y. Cui, G.P. Xiong, L. Chen, Energ. Convers. Manage. 161

(2018) 193–204.
[66] Z.J. Hong, V. Viswanathan, ACS Energy Lett. 4 (2019) 1012–1019.

http://refhub.elsevier.com/S2095-4956(21)00682-3/h0290
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0290
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0295
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0300
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0305
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0305
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0310
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0310
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0315
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0320
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0320
http://refhub.elsevier.com/S2095-4956(21)00682-3/h0325

	Dead lithium formation in lithium metal batteries: A phase field model
	1 Introduction
	2 Modeling method
	3 Results and discussion
	4 Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


