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ARTICLE INFO ABSTRACT
Keywords: The employment of external electric fields is a promising strategy for alleviating lithium dendrite formation
Lithium metal battery during lithium metal battery charging. However, the underlying mechanisms that govern dendrite formation
dendritesuppression

remain unclear. Herein, we present numerical insights into the impact of externally superimposed alternating
current (AC) and direct current (DC) electric fields on the suppression of lithium dendrite formation in lithium
metal batteries. A theoretical model by coupling the phase field, electric field and ion concentration field is
established to predict lithium dendrite growth. Numerical investigations are carried out to understand the
fundamental mechanisms of dendrite formation and inhibition in the presence of external AC/DC electric fields.
External AC/DC fields applied perpendicular to the internal field enhance Li-ion diffusion by distorting electric
field distribution, thereby reducing concentration gradients and local current densities near the anode surface.
Similarly, AC/DC fields aligned parallel to the internal field promote uniform lithium deposition by accelerating
Li-ion migration and diffusion through an intensified electric field. Consequently, the simultaneous
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superimposition of AC and DC fields demonstrates an optimal dendrite inhibition effect, reducing the dendrite
area to 14.01 % compared to conditions without external fields. This work offers a theoretical basis for lithium
dendrite suppression via superimposed electric fields.

1. Introduction

Aiming at the rapid global transition to renewable energy and elec-
trification, the demand for high-energy-density power batteries has
become increasingly urgent [1-3]. Li-ion batteries with graphite anodes
have nearly reached their theoretical energy density limits [4-6].
Next-generation anode materials such as lithium metal are regarded as
ideal alternatives to graphite anodes due to its exceptionally high
theoretical specific capacity and low electrochemical potential [7-10].
Although lithium metal batteries (LMBs) hold significant promise, they
still face considerable challenges, including detrimental effects of un-
stable solid electrolyte interfaces (SEI) on cycle life [11-13] and safety
risks related to lithium dendrite growth [14-16].

To mitigate challenges associated with lithium dendrite formation,
researchers have explored a range of strategies, such as the use of
electrolyte additives [17-19], surface modifications of electrodes
[20-22] and the incorporation of solid electrolytes [23-25]. However,
these methods mainly concentrate on internal modifications of batteries
and frequently encounter issues during long-term usage. For instance,
electrolyte additives have the risk of degradation or adverse reactions
during cycling [26-28], while modification layers on electrodes often
suffer from deterioration, malfunction or exfoliation during repeated
charge-discharge cycles [29,30]. Additionally, solid electrolytes may
experience mechanical stress and undergo volumetric changes over time
[31-33]. Consequently, exploring external environmental optimization
strategies, distinct from conventional internal modifications, holds sig-
nificant research importance.

Recent evidence demonstrates that the employment of external fields
such as magnetic, stress, and electric fields can effectively restrain the
growth of lithium dendrites [34,35]. For example, the application of a
magnetic field induces magnetohydrodynamic (MHD) effects within the
battery, causing Li-ions to move in a spiral trajectory under the influence
of the Lorentz force. The alteration in the deposition rate and pattern of
Li-ions in the presence of the external magnetic field promotes more
uniform deposition, thereby minimizing dendrite formation. Shen et al.
[36] applied a nickel-cobalt (NiCo) alloy coating onto the
three-dimensional (3D) copper foam to function as the current collector.
Through numerical simulations and in-situ observations, it was
demonstrated that the spiral motion of Li-ions, in conjunction with MHD
effects under applied magnetic fields, can mitigate the growth of lithium
dendrites and facilitate the formation of compact Li deposits. However,
the inhibition mechanism exerted by an applied magnetic field on
lithium dendrites formation is relatively complex, involving multiple
factors such as MHD and alterations in the trajectory of Li-ions. More-
over, these mechanisms may differ across various battery systems and
experimental conditions. In contrast, the inhibition mechanism of an
externally applied electric field on lithium dendrites is more direct and
distinct, which is primarily achieved through influencing the migration
and deposition behaviors of Li-ions. The application of electric fields
supplies an additional driving force for Li-ion migration, directing the
ions to move along the field lines and modifying their deposition
behavior on the electrode. This electric field fosters a more uniform
distribution of Li-ions on the electrode surface, thus mitigating dendrite
growth. A pioneering investigation into electric field-based inhibition of
dendrite growth was conducted by Han et al. [37], who applied an
alternating current (AC) electric field perpendicular to the anode in
conjunction with a direct current (DC) electric field. They experimen-
tally demonstrated the proposed dual-field approach effectively
enhanced Li-ion transport within the electrolyte and reduced the con-
centration gradient near the anode, thereby successfully inhibiting

dendrite formation. While experimental evidence demonstrates the
effectiveness of electric fields, the utilization of external electric fields to
suppress dendrite growth in lithium metal batteries requires further
validation through theoretical modelling and numerical simulations, as
current theoretical support remains insufficient. In fact, recent studies
have shown that the phase-field method can be used to describe lithium
dendrite growth behavior through modeling and simulations [38-40].
For example, Qi et al. [41] constructed a three-dimensional multi--
physical-field coupled phase-field model based on the principle of free
energy minimization. They utilized the finite element method to solve
the developed model via the COMSOL software, simulating the growth
of lithium dendrites with various morphologies. Subsequently, they
numerically analyzed the influences of factors such as anisotropy and
temperature and proposed a method for stabilizing lithium deposition
based on the internal potential analysis of multi-nuclear lithium den-
drites. Evidently, the feasibility of using the phase-field method to
simulate dendrite growth has been fully verified.

Herein, we present a numerical investigation into the impact of
superimposed AC/DC electric fields on the suppression of lithium dend
rite formation. A theoretical model by coupling phase field, ion con-
centration field and electric field is established to predict the lithium
dendrite process in lithium metal batteries. Based on the proposed
model, the mechanisms of lithium dendrite growth in the presence of
external AC/DC electric fields are for the first time elucidated via nu-
merical simulations. Besides, the impact of field factors such as the
applied voltage, frequency, and the direction of external electric fields
on dendrite growth and morphology is investigated. This work is
anticipated to offer theoretical support for the application of external
electric fields in suppressing dendrite formation in lithium metal
batteries.

2. Numerical modelling
2.1. Phase field model

In the phase field model, the electrochemical reaction involved in
lithium insertion and extraction in lithium metal batteries is given by:
Lit +e < Li (@D)]

In electrodeposition systems, the expression for Gibbs free energy is
presented as follows [40,42,43]:

6 = [ [al6.0) + fina(70) + firele. )] aV @
\%4

where fo,(&,¢) is the Helmholtz free energy density, fgaa(VC) is the
gradient energy density, and feec (¢, @) is the electrostatic energy density,
given as:

fn(&.¢) = (&) + CRT(C, InC, +¢_Inc )+ oy’ (3)
fua(V0) = SV 0 x(0)VE @)
felec (C7 (/)) = pc¢ (5)

where ¢ = {c, c;,c_} are the concentrations of Li atoms, Li" cations and
PF, anions, respectively. ¢ = {C=c/cs,c4 =c; [co,C-=c_ /co} is the
dimensionless concentrations. £ is the phase field order parameter(é = 1
denotes metallic lithium, £ = 0 denotes electrolyte, 0 < ¢ < 1 denotes
interface). ¢, is the density of metallic lithium; ¢, is the initial concen-


https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.3c05032
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.3c05032

H. Wang et al.

tration of the electrolyte. 4’ is the standard chemical potential. x(0) =
xo(1 + 6 cos (wh))? is the gradient coefficient; ko is the gradient energy
coefficient; ¢ is the anisotropy strength; w is the anisotropy modulus (set
to 4); 0 is the angle between the interface normal and the reference axis.
p. is the charge density; ¢ is the electrostatic potential; V is the volume.

The electrochemical reaction rate can be expressed by using the
Butler-Volmer equation, as follows [44-46]:

o[855 o] )

RT RT

where Ry is the exchange current density ; 1 — a and « are the charge
transfer coefficients for the anode and cathode, respectively. 7 is the
activation overpotential; n is the number of electrons involved in the
reaction. F, R, T are the Faraday constant, the universal gas constant and
the temperature, respectively.

The partial differential equation governing the time evolution of the
phase field variable can be derived in conjunction with the Butler-
Volmer equation, as follows [43,47,48]:

&
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where L is the interface mobility; L, is the reaction constant. g(¢) =
WE(1 — &)% is a double-well function used to distinguish between the
electrolyte (¢ = 0) and metallic lithium (6= 1); W is the height of the
potential barrier. h(¢) = &3 (64‘2 —15¢ +10) is an interpolation function
varying from O to 1, designed to ensure that the electrochemical reaction
is confined to the deposition-electrolyte interface.

The partial differential equation describing the time evolution of the
Li-ion concentration can be expressed by using the continuity equation
and the Nernst-Planck equation, as follows [43,44,48]:

dc.. eff ettC+T1F. ¢s 0F

where Dff = D°h(¢) + D%(1 —h(¢)) is the effective diffusion coefficient;
D¢ and D¢ are the diffusion coefficients of Li-ions in the electrode and
electrolyte, respectively.

The distribution of the electrostatic potential is described using the
Poisson equation, as follows [43,44]:

0Z
eff — I, = nF — 9
Ve [a V(p} R G ()]
where 6*% = 6°h(&) + 0°(1 —h(¢)) is the effective electrical conductivity,
0® and ¢° are the electrical conductivities of the electrode and the
electrolyte, respectively.
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2.2. Design principles

Without the application of an external electric field, lithium metal
batteries often undergo pronounced lithium dendrite formation on the
anode surface during rapid charging (Fig. 1a). To address this issue, an
alternating current field (ACF) applied perpendicularly to the internal
electric field direction is proposed in this study. The ACF guides Li-ions
to move along a specific path on the anode surface, promoting uniform
Li-ion flux distribution and considerably inhibiting dendrite growth
(Fig. 1b). Additionally, a direct current field (DCF) aligned with the
internal electric field direction is examined. The DCF provides an
additional driving force for Li-ion migration, accelerating their move-
ment along the field lines and promoting homogeneous lithium depo-
sition, thereby effectively restraining dendrite formation (Fig. 1c).
Ultimately, by superimposing both ACF and DCF, the lithium dendrite
growth issue is expected to be minimized (Fig. 1d). For the combined
approach presented in Fig. 1d, the DCF drives Li-ions towards the anode
surface, while the ACF facilitates their movement along the surface. The
synergistic effect of both fields can ensure a more rapid and uniform
distributions of Li-ions on the electrode surface, thus significantly pre-
venting dendrites formation.

2.3. Boundary conditions and initial values

In this study, the general form PDE module in COMSOL Multiphysics
6.2 is utilized for numerical simulations. The computational domain
encompasses a square area of 6 x 6 pm? square area, with three initial
nucleation sites represented by a semi-elliptical shape positioned at the
lower boundary of the domain. The growth of lithium dendrites is pre-
dominantly governed by physical processes occurring in the vicinity of
the electrode surface, such as Li-ion diffusion and electric field distri-
bution. While certain factors in 3D space may influence dendrite for-
mation, two-dimensional (2D) simulations in the preliminary research
phase can adequately capture the principal physical phenomena and
serve as a crucial reference for elucidating the underlying growth
mechanisms [38,49]. Hence, the model can be simplified to a 2D
computational domain (Fig. 2). For the phase field, Neumann boundary
conditions with a value of O are applied to all four boundaries of the
model. For the ion concentration field, the upper boundary is assigned
with Dirichlet boundary conditions at ¢y, while the remaining three
boundaries utilize Neumann boundary conditions with a value of 0. For
the electric potential field, the upper boundary is assigned Dirichlet
boundary conditions at 0.1 V, and the other three boundaries are subject
to Neumann boundary conditions with a value of 0. To apply the DCF or
ACF parallel to the internal electric field direction, the field is directly
exerted along the vertical direction of the electric potential field.
Conversely, to apply the DCF or ACF perpendicular to the anode surface,
Dirichlet boundary conditions are set at the left and right boundaries of
the model, with values of -¢/2 and ¢/2 respectively. All relevant
simulation parameters are detailed in Table 1.

(a) Control
— ‘
DC

(b)

ACF
N %

External AC

(c) DCF
Z

c
{v \] External DC b
X

(d) ACF+DCF
—
External DC
External AC

Fig. 1. Schematic of lithium dendrite growth: (a) No external electric field; (b) External ACF; (c) External DCF; (d) Combined ACF and DCF.
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Fig. 2. Computational domain and boundary conditions for numerical
simulations.

Table 1
All relevant parameters used for the simulation.
Symbol  Parameter Value Unit Ref.
Ly Interfacial mobility 1.0x10°°® m3Jls? [50]
L, Reaction constant 0.5 st [50]
w Barrier height 3.5 x 10° Jm™ [50]
c° Conductivities of electrode 1.0 x 107 Sm! [45,
50]
Conductivities of electrolyte 0.1 Sm! [50]
a Charge transfer coefficient 0.5 1 [50,
51]
Co Li-ions bulk concentration 1.0 x 10° mol m—3 [50,
52]
Cs Site density of Li metal 7.69 x 10* mol m~3 [50]
D® Diffusion coefficient in 20x1071  m?2s?! [50]
electrode
D’ Diffusion coefficient in 20x10°1%  m?s?t [50]
electrolyte
Ko Gradient energy coefficient 1.0x10°1°  Jm! [50]
S Anisotropy 0.2 1 -
F Faraday’s constant 96485 Cmol™! [39,
50]
R Ideal gas constant 8.314 Jmol ! K! [39,
50]
T Temperature 298.15 K [49]

2.4. Model and mesh independence verification

The model utilized in this study was verified by comparing the nu-
merical simulations of the field distributions with the literature values
presented by Han et al. [50]. As illustrated in Fig. S1, the simulated
phase field and electric field display a substantial degree of concordance
with those documented in the literature, thus manifesting the
outstanding accuracy of the proposed model. To ensure that the simu-
lation results are independent of the mesh size, a mesh independence
verification was performed (see Fig. S2). The relative deviations of the
simulated phase field distribution between various selected mesh
numbers (55,485, 89,787, 121,203, and 174,243) and the finest mesh
number (217083) were determined to be 18.05 %, 8.82 %, 8.76 %, and
4.83 %, respectively. To balance data accuracy and computational ef-
ficiency, a total mesh count of 174,243 was selected for all numerical
simulations.
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3. Results and discussion

3.1. Field distributions of the applied ACF/DCF perpendicular to internal
electric field direction

Fig. 3a, e and 3i illustrate the morphology of lithium dendrites at 5 s
in the absence of an external electric field, as well as with ACF or DCF
applied perpendicular to the internal electric field direction. It is evident
that the area occupied by dendrites reduces significantly the presence of
external electric fields. Both ACF and DCF demonstrate substantial
suppression effects on dendrite growth, with ACF yielding the smallest
dendrite area, indicating the most effective suppression. In conjunction
with the quantitative statistics of the dendrite region presented in
Fig. 4a, it is evident that, at the same time point, the dendrite area is
markedly reduced when ACF or DCF is applied perpendicular to the
internal electric field direction, with ACF demonstrating the most sub-
stantial effect. The disparity in dendrite area among these conditions
increases over time (see Fig. S3), suggesting that the suppression effect
becomes increasingly apparent as time progresses.

Fig. 3b, f and 3j illustrate the corresponding distributions of Li-ion
concentration. The color bands surrounding dendrites subjected to
ACF or DCF are significantly broader than those without an applied
field, indicating a reduced concentration gradient. As depicted in
Fig. 4b, the application of ACF minimizes the concentration gradient in
the y-direction, facilitating more uniform Li-ion deposition and conse-
quently inhibiting dendrite growth.

Fig. 3¢, g and 3k present the corresponding electric potential distri-
butions, where application of ACF or DCF results in a higher degree of
non-uniformity in the y-direction. As shown in Fig. 4c, the potential
gradient in the y-direction is apparently higher in the presence of either
ACF or DCF compared to the case without the external electric field,
indicating a greater field variation and hence a stronger electric force
exerted on Li-ions. As depicted in Fig. 4e, in the absence of an external
electric field, Li-ions migrate toward the anode surface in alignment
with the direction of the internal electric field. However, when the
migration rate of Li-ions does not correspond to the reaction rate, the
local concentration of Li-ion becomes excessively high, resulting in the
formation of a concentration gradient. This gradient compels Li-ions to
preferentially deposit in regions of higher concentration, thereby initi-
ating dendrite growth. By applying an external ACF, a potential differ-
ence is established between the upper boundary and the left and right
boundaries, which alters the distribution of electric field lines along both
sides (as illustrated in Fig. S4). It can be anticipated that Li-ions will
migrate along the potential lines toward both sides, which enhances
their diffusion rate and mitigates the concentration gradient resulting
from decreased local Li-ion concentrations, thus suppressing dendrite
growth.

Fig. 3d, h and 3l present the corresponding current density distri-
butions. The brown region observed on the left side of ACF/DCF model is
ascribed to the negative potential applied at the left boundary. In the
absence of an external electric field, a relatively high current density is
observed at the dendrite tips, which facilitates their growth in the y-
direction. However, upon the application of ACF or DCF, the current
density becomes more uniform. This results in a relatively high current
density on both lateral sides of the dendrite, promoting its growth in the
x-direction. Fig. 4d further reveals a highly uneven current density
distribution in the y-direction in the absence of an external electric field.
In contrast, the application of ACF or DCF reduces local current density,
leading to a more uniform lithium deposition layer, which subsequently
suppresses dendrite growth in the y-direction. Similarly, in the x-di-
rection, the presence of an external electric field results in a compara-
tively uniform current density, facilitating the dendrites to grow evenly
towards the left and right sides, thereby indirectly suppressing dendrite
growth in the y-direction (Fig. 4f).

As demonstrated above, a better suppression effect of dendrite
growth is achieved by applying ACF perpendicular to the internal
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Fig. 3. Effects of no external electric field and applying ACF (0.02 V, 25 Hz) or DCF (0.02 V) perpendicular to the internal electric field direction on lithium
dendrites: (a, e, i) Morphology of lithium dendrites; (b, f, j) Li-ion concentration distribution; (c, g, k) Electric potential distribution; (d, h, 1) Current density

distribution.

electric field direction. This prompted further investigation into the in-
fluence of varying AC voltages and field frequencies on dendrite for-
mation. The ratio of dendrite area with ACF to that without external
electric field decreases with reducing AC voltage, indicating that lower
AC voltages suppress dendrite growth more effectively (Fig. 4g). This is
likely due to the enhanced precision in controlling the distribution and
deposition behavior of Li-ions at lower voltages. The optimal suppres-
sion effect is observed at an input voltage of 0.02 V. Further reduction in
voltage does not significantly improve the dendrite suppression.
Therefore, considering both performance and energy consumption, 0.02
V is identified as the optimal AC voltage for lithium dendrite inhibition.
Fig. 4h presents the suppression of dendrite growth across different AC
frequencies. At an AC frequency of 25 Hz, the dendrite suppression effect
is marginally superior to that at zero frequency (corresponding to DCF),
demonstrating a dendrite area that is only 15.75 % of the area observed
without an external electric field. The increase in frequency (from 25 to
200 Hz) does not significantly alter the dendrite area ratio, likely
because the ACF effect arises from the potentials applied at the left and
right boundaries, which maintain a consistent electric field direction
over time. The potential difference between these boundaries and the
top boundary causes the electric field to consistently distribute from top
to side, with little variation in its direction. Consequently, the field
frequency has minimal influence on dendrite growth, thus the 25 Hz is
selected as an optimal AC frequency.

3.2. Field distributions of the applied ACF/DCF parallel to internal
electric field direction

The lithium dendrite morphology under three conditions, i.e.,
without an external electric field, applying ACF (0.05 V, 25 Hz) parallel

to the internal electric field, and applying DCF (0.05 V) parallel to the
internal electric field, is presented in Fig. 5a, e and 5i, respectively. It can
be observed that under ACF, the dendrites transform from sharp, elon-
gated tree-like structures to smooth and spherical forms. In contrast,
dendrite growth under DCF slows down significantly, resulting in a more
regular and compact structure. Quantitative dendrite morphology
analysis reveals that, at the same time point, the dendrite area is smallest
when DCF is applied parallel to the internal electric field, followed by
ACF, with the largest area occurring in the absence of an external
electric field (Fig. 6a). This indicates that both ACF and DCF can effec-
tively suppress dendrite growth when aligned with the internal electric
field, with DCF exhibiting greater efficacy. The difference in dendrite
area becomes more pronounced over time (see Fig. S5), and the sup-
pression effect becomes increasingly significant.

The concentration distribution of Li-ion shown in Fig. 5b, f and 5j
resembles the dendrite morphology, with apparent concentration gra-
dients observed at the dendrite growth boundaries. From the electric
potential distributions presented Fig. 5c, g and 5k, it is evident that the
potential is most uniform without an external electric field, while the
application of DCF results in the most uneven potential distribution.
According to Fig. 6b, the potential profile exhibits the steepest slope,
indicating the largest potential gradient in the y-direction. This corre-
sponds to the highest electric field strength and hence the strongest
electric acting force on Li-ions. We thus infer from the results that
applying DCF parallel to the internal electric field effectively suppresses
dendrite growth. This is primarily because the internal electric field
aligns with the DCF, increasing the overall electric field strength
(Fig. S6). This enhancement accelerates Li-ions diffusion within the
electrolyte, promotes a more uniform distribution on the anode surface,
and prevents localized depletion of Li-ions. Consequently, the reaction
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Fig. 4. (a) Variation of dendrite area over time; (b) Li-ion concentration distribution in the y-direction(x = 0,0<y < 2); (c) Potential distribution in the y-direction(x
= 0,0<y < 6); (d) Current density distribution in the y-direction(x = 0,0<y < 2); (e) Schematic of dendrite suppression effect with ACF applied perpendicular to the
internal electric field (E; is the internal electric field, E; | . represents the combination of internal electric field and external electric field); (f) Current density
distribution in the x-direction(-1<x < 1,y = 0.1); (g) Ratio of dendrite area with ACF applied (S;) to that without external electric field (Sy) at different AC voltages;

(h) S1/S, at different AC frequencies.

rate increases with external DCF, resulting in more uniform deposition
and further inhibiting dendrite formation and growth (Fig. 6d) [37]. In
contrast, ACF with varying electric field direction only intermittently
enhances the electric field strength, making it less effective at sup-
pressing dendrite growth compared to DCF. Fig. 5d, h and 51 present the
corresponding current density distributions. Due to the high current
density at the dendrite tips, the transport rate of Li-ions on the electrode
surface is insufficient to meet the demand of the electrochemical reac-
tion, leading to Li-ions accumulation at the protruding regions and
thereby promoting dendrite growth. Fig. 6¢ further demonstrates a high
degree of unevenness in the current density in the y-direction without an
external electric field. However, by applying ACF or DCF, the reduction
in local current density promotes the formation of a more uniform
lithium deposition layer, which in turn suppresses dendrite growth in
the y-direction.

The above results demonstrate the most effective suppression of
lithium dendrite growth is accomplished by applying DCF parallel to the
internal electric field. As shown in Fig. 6e, the ratio of dendrite area with

DCF decreases with the increasing of DC voltage at low applied voltages.
However, when the voltage reaches 0.1 V, further increases in voltage
beyond 0.1 V do not significantly enhance the suppression of dendrites.
This is mainly because, at 0.1 V, the diffusion rate of Li-ions closely
aligns with the reaction rate, and additional voltage only maintains the
diffusion rate without further improvement due to the reaction rate
limitations. As such, an external DCF with 0.1 V is identified as the
optimal voltage.

3.3. Parametric study of superimposed ACF and DCF on lithium dendrite
suppression

Given the effectiveness of ACF and DCF in suppressing lithium
dendrite growth, we further explored the combined application of both
electric fields. By comparing the dendrite morphology under the optimal
conditions for ACF (0.02 V, 25 Hz) and DCF (0.1 V) with that observed
without any applied electric field, we found that the combined electric
field significantly inhibits dendrite growth, as shown in Fig. S7.
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Additionally, the suppression effects of the combined were compared to
those of ACF and DCF individually. As shown in Fig. 7a, the dendrite
area under the combined ACF and DCF field is markedly smaller than
that under either ACF or DCF alone, indicating that the combined field is
more effective in suppressing lithium dendrite growth than the indi-
vidual fields. Fig. 7b and c presents the distributions of Li-ion concen-
tration in the y-direction and x-direction, respectively. The combined
electric field results in the smallest concentration gradients in both di-
rections, suggesting that it reduces the concentration gradients effec-
tively in both directions, thereby providing superior inhibition of
dendrite growth. Besides, the electric potential distributions in the y-
direction and x-direction as illustrated in Fig. 7d and e reveal that the
electric potential gradient is the highest in the y-direction under the
combined electric field, resulting in the strongest electric field intensity.
This enhances the migration of Li-ions in the y-direction, promoting
more uniform lithium deposition and more effective dendrite suppres-
sion. In contrast, the electric potential distribution in the x-direction
remains uniform, without significant increase in the potential gradient
(see Fig. S8). Fig. 7f depicts the current density distribution in the y-

voltages; (i) Effect of different AC frequencies.

direction. The results reveal that the current density is extremely uneven
without an applied electric field. However, both the combined and in-
dividual electric fields effectively reduce local current density, pro-
moting uniform lithium deposition and thereby suppressing dendrite
growth in the y-direction.

To further investigate the impact of the combined electric field on
dendrite suppression, we conducted a detailed study on how different
DC voltages, AC voltages and AC frequencies inhibit dendrite growth.
Fig. 7g illustrates the ratio of dendrite area with the combined electric
field to that without any applied electric field across different DC volt-
ages. The ratio initially decreases before increasing, reaching its mini-
mum at a DC voltage of 0.1 V, which is consistent with the previously
discussed optimal DC voltage for DCF. Fig. 7h presents the ratio of
dendrite area under the combined electric field to that without any
applied electric field at different AC voltages. The ratio increases with
increasing AC voltages, with a 0.02 V AC voltage being proved to be the
most effective in suppressing dendrite growth, aligning with the previ-
ously discussed optimal AC voltage. Fig. 7i shows the ratio of dendrite
area with the combined electric field to that without any applied electric
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field at different AC frequencies. It is evident that applying ACF
perpendicular to the internal electric field provides better suppression
effect than DCF, as illustrated in the dendrite area ratio of 14.01 %
compared to 15.29 % for 25 Hz and 0 Hz, respectively. Further increase
in the AC frequency gives rise to negligible variation of dendrite ratio.
Therefore, a field frequency 25 Hz is identified as the optimal AC fre-
quency, which is consistent with the previously discussed optimal AC
frequency.

4. Conclusions

In summary, a comprehensive numerical investigation was con-
ducted to assess the impact of superimposed ACF/DCF on the suppres-
sion of lithium dendrite formation in lithium metal batteries. Utilizing
theoretical modeling and numerical simulation, distributions of the
phase field, electric field, current density, and Li-ion concentration were
analyzed to elucidate the underlying mechanisms governing lithium
dendrite inhibition in the presence of external AC and DC fields. The
application of ACF/DCF perpendicular to the internal electric field di-
rection significantly suppressed dendrite growth, attributed to the
markedly enhanced diffusion rate of Li-ions driven by the distortion of
electric field distributions. This distortion attenuated the concentration
gradient and local current density around the anode surface. Notably,
the frequency-dependent variation of electric field directions in ACF
further facilitated the homogeneous diffusion of Li-ions, leading to a
reduction in dendrite area to only 15.75 % of that observed without an
external electric field, under a voltage of 0.02 V and a frequency of 25
Hz. Similar dendrite suppression phenomena were observed when ACF/
DCF was applied parallel to the internal electric field direction. This
effect was primarily ascribed to the accelerated diffusion and migration
of Li-ions along the field lines, which were enhanced by the strength-
ened electric field. Consequently, this configuration reduced the local
current density in the y-direction and promoted more uniform Li-ion
deposition, effectively inhibiting dendrite growth. The consistent elec-
tric field direction generated by DCF facilitated continuous and stable
electric field enhancement. Thus, the application of external DCF par-
allel to the internal electric field proved to be more advantageous than
that of ACF, resulting in a dendrite area of 15.18 % at a DC voltage of 0.1
V, compared to the condition without an external electric field.
Remarkably, the simultaneous application of superimposed ACF and
DCF yielded the optimal dendrite inhibition effect, exhibiting a dendrite
area even smaller than that observed under either ACF or DCF alone.
Overall, this study provides robust theoretical support for the imple-
mentation of external electric fields in suppressing lithium dendrite
formation, which is crucial for addressing challenges associated with
lithium dendrite growth and enhancing the performance and safety of
lithium metal batteries. Future research will concentrate on the devel-
opment of advanced numerical models and experimental studies to
optimize ACF/DCF conditions across various battery operating sce-
narios, aiming to further validate the feasibility of utilizing external
electric fields to inhibit dendrite formation in practical lithium metal
battery applications.
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