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and electrode material,35 gel polymer electrolyte,36 and three-
dimensional (3D) porous current collectors.37,38

Modeling-wise, earlier frameworks focused on space charge
region and the strength of the electric field as the governing
factors behind the dendritic growth.39 Later on, the effect of
the ionic concentration was adopted as the main responsible
drive for their evolution during the diffusion limited
aggregation (DLA)40−44, and the respective root-cause and
mechanism was analyzed for the formation tree-like
structures.45

Among the proposed methods to suppress the dendritic
evolution, the regulation of charging strategy has been proven
to be promising, since this method does not involve the
alteration of internal components of the battery such as
electrolyte, electrode, and surface roughness, etc. Instead, it
utilizes external modulation of applied potential difference
(V)/current density (i), in terms of prescribed pulsation, which
has been shown in earlier simplistic models.46

For instance, a complete prevention of dendritic growth and
significant reduction in surface roughness has been reported
for zinc (Zn) electrodeposition via applying pulse trains,47

where, since the current density correlates directly with
nucleation, a high amplitude nucleation pulse has been
followed by the series of low amplitude pulse trains. In
addition, the cycle life48 and efficiency49 of the LIB have been
improved, compared to DC charging. Similar high-to-low
voltage train has been proven as efficient dendrite resilient
charging protocol in the recent simulations.50 Furthermore, the
higher efficacy of pulse-reverse charging has been related to the
melting of the dendritic tips and flattening the growing
interface during the partial-reverse charge period.51 It is even
more interesting to recall that the duration and ratio of the
intermittent pause tOFF (i.e., when the interelectrode potential
turns zero) and pulse tON(i.e., duration of applied pulse for
electrodeposition) periods plays a very important role in the
ramification amount of the growing electrodeposits. It has been
shown that the decreasing tON can compress the dendrites up
to ∼2.5 times, compared to uniform charging.52 In addition, a
real-time feedback control framework has been established to
minimize branched microstructure based on the instantaneous
relaxation time, as a function of the radius of curvature in the
accelerating tips.53 Such curvature-dependent concentration
profile is periodically established and relaxed in the electro-
deposition interface.54 However, the real-time evolution of
electrode−electrolyte interfacial undulations during pulse tON

and pause tOFF durations, particularly in terms of conventional
duty cycles and frequency ranges, are scant in the literature.

The remaining question regarding the pulse-charging is that
to what extent can the tON and tOFF values be useful for efficient
shortening of the growing dendrites. In this regard, the simpler
expressions of duty cycle D and the pulse frequency f are the
most tangible representative of both aforementioned param-
eters. Therefore, we have performed both experiments and
simulations for studying their efficacy limits, by probing the
interfacial tortuosity. We have performed both real-time image
processing in the experiments and coarse-grained simulations
for quantitative understanding and we have analyzed the
underlying reasons based on the displacement factors during
the pulse tON and rest tOFF periods.

2. EXPERIMENTAL SECTION
2.1. Setup. In order to replicate the electrodeposition in

batteries, we have fabricated a laboratory-made electrochemical
cell, composed of symmetric copper wire electrodes,55 because
of their nontoxicity and environmental friendliness. The
experimental setup shown in Figure 1a consists of a transparent
plastic cuvette (4.5 cm × 1 cm × 1 cm) that functions as an
electrolytic cell. The two wire electrodes (ARTIFACT, 99.9%
purity, d = 0.27 mm) are inserted and dipped into analytical-
grade copper sulfate pentahydrate (CuSO4·5H2O, EMPLURA,
99% purity) electrolyte solution of {0.025, 0.05} M concen-
tration. More details of the experimental setup are available in
the previous publication.55 After each experiment, the cuvette
is cleaned with isopropyl alcohol (IPA), followed by deionized
water (DI, Milli-Q, 99.8%), and rinsed with the electrolyte
solution to be used for performing the next experiment. The
copper wires are cleaned with acetone and ethanol to remove
any oily residue present on the surface. The wires are inserted
through the two insulating pieces of separators, made of
synthetic rubber, to maintain the constant interelectrode gap
(L) inside the cuvette. Thereafter, the entire cuvette is filled up
to the brim with the electrolyte solution to ensure the absence
of any internal bubbles. Consequently, the cell is sealed with
Parafilm over the lid to avoid any leakage of the solution.

The cuvette is placed in line with a camera and the evolution
of the dendrites is captured by using an image acquisition
camera system at the rate of 183 frames per second (fps)).
This ensured that, in each experiment, the optical parameters
such as brightness, contrast, saturation, and gain remain
constant to maintain equivalent analogy on the taken images.

Figure 1. (a) Experimental setup and (b) charging characterization.
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The imposed charging was performed via pulse trains
illustrated in Figure 1b containing intermittent rest periods
with the intervals of tONand tOFF, respectively. The pulse
frequency f was defined as the inverse of the total pulse−rest
cycle time as

=
+

f
t t

1

ON OFF (1)

Additionally, the duty cycle (D) was defined as the fraction
of the total cycle period that the pulse is active; hence,

=
+

t

t t
D ON

ON OFF (2)

Multiple square pulse waves were applied under a voltage of
6 V for the frequencies of f = {1, 10, 100, 1000} Hz and duty
cycle values of D = {1/2, 1/3, 1/4, 1/6}, which was produced
by an arbitrary waveform generator (SIGLENT, Model
SDG6022X). Additionally, before performing each set of
experiments, the output voltage of the waveform generator was
validated with the oscilloscope (SIGLENT, Model SDS
1202X-E). Each experiment, with the parameters shown in
Table 1, was performed at least three times to ensure the

consistency. The real-time images were captured and the
frames were extracted from the captured videos in MATLAB
and further processed for image analysis.

2.2. Characterization of the Electrodeposits. The
captured images were binarized and analyzed in an open
software, ImageJ, to evaluate the fraction of deposited area f DEP
with the average y̅ and maximum ymax heights of the
electrodeposits.56 The binarization has been performed via
the Otsu’s method,57 where the RGB image is inserted into the
program with the three color values of {R, G, B} ∈ [0, 255]
and has been extracted and normalized to a grayscale intensity
image I with individual values of range Ii,j ∈ [0, 1].
Subsequently, the grayscale image Ii,j is binarized into Ji,j via
the grayness threshold Ic, such that
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The threshold value Ic has been chosen to minimize the
weighted intraclass variance σ2 defined proportionally as
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where ω0 and ω1 are the individual weight of each portion as
the fraction of total, divided by the value of Ic and σ0

2 and σ1
2

are their respective variances.57 Such minimization ensures that
the resulted binary medium of black and white pixels

individually fall to the closest proximity of each other, when
counted in the same group (i.e., closest ≈ lowest variance).

Second, the average height of the electrodeposits y̅ is the
extent of deposition height evaluated by scaling the black area
to the horizontal frame length and calibrated to the physical
value in micrometers (μm). Figure 2 schematically shows the

such average value as well as the maximum height ymax. We
quantify the dendritic propensity by calculating the tortuosity
(τ) of the transient interfacial length l(t) as

=
l t
l
( )

0 (3)

where l0 is the original length of the interface (i.e., width). The
last image from each experiments are shown versus the
frequency f and duty cycle D is shown in Figures 3 and 4,
respectively. Respective movies of growth are provided in the
Supporting Information.

Consequently, to get more insights of the depositing
structures, the sample electrodes were taken out and carried
into the electron microscope for analysis via field-emission
scanning electron microscopy (FESEM) (JEOL, Model JSM-
7610F) where the SEM images were acquired versus the
change in frequency and duty cycle, as shown in Figures 5a and
5b. In this regard, note that the dendritic structures are brittle
in nature. Therefore, the electrolyte solution is syringed out
from the cuvette very slowly after the experiments, and then

Table 1. Experimental Parameters

parameter value unit

lEXP 0.5 cm
d 0.27 mm
V 6 V
f {1, 10, 100, 1000} Hz
D {1/2, 1/3, 1/4, 1/6} −
C {0.025, 0.05} M

Figure 2. Illustration of the average y̅ and maximum ymax heights and
their transient evolution. The green line is used for the tortuosity τ
measurements.

Figure 3. Experimental imaging for D = 1/2 and varying the frequency
f.

Figure 4. Experimental imaging for f = 10 Hz, and varying duty cycle
D.
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the electrodes are taken out. The samples are kept under
vacuum until placed inside the SEM chamber for imaging.

Since tON correlates with the reaction time, for lower duty
cycles D, the experiment is extended, such that the cumulative
reaction time remained constant ∑tON = 2.5 s. The transient
evolution of the tortuosity τ as well as the average height y̅ is
illustrated versus the applied frequency f and duty cycle D in
Figures 6a and 6b, respectively.

3. SIMULATION FRAMEWORK
We have adopted the coarse grained modeling in time and
space, which works based on the averaging estimation for the
progress of the diffusive wave during prolonged interionic
random walks. In the electrochemical system, the coarse-scale
displacement of an ion is the combinatoric effect of the two
distinct movements of diffusion and electromigration. Regard-
ing the former, the ions have a tendency to collide with each
other and repel each other during the interionic collisions and,
given the coarse time interval δt, their displacement δrD
wouldbe

= D tr g2D

where D is the diffusivity of the ions in the electrolytic solution
and g is a random unit vector, representing the Brownian

motion. In fact, the value D t2 illustrates the mean square
displacement of the diffusive wave, attained directly by solving
the classical diffusion equation.58

Regarding the latter, the charge carriers are exposed to an
external electric field E, initially accelerate, and quickly reach a
constant drift velocity of μE. Hence, their electromigration
displacement δrM in the given time interval δt is obtained as

= tr EM

Therefore, the total ionic displacement δr is the sum of the
aforementioned factors as

= +r r rD M

which is visualized in Figure 7. Regarding the electric field, the
potential distribution was obtained by solving the Laplace
equation using the finite difference method,52 in real time. The
electroneutrality was assumed for computing the electric field
and, hence, the instantaneous potential distribution by
imposing the growing boundary condition is due to change
in the geometry of the interface.

To start the simulation, a random distribution of ions in the
space was assumed. Subsequently, in every time increment δt,
the corresponding displacement of the ions from diffusion
(δrD) and electromigration (δrM) were calculated, resulting in

Figure 5. SEM image comparison of the samples versus (a) frequency f and (b) duty cycle D. Insets show the larger-scale morphologies (scale bars
are the same for all images).

Figure 6. Transient growth in tortuosity τ as the dendritic measure and their respective average height y̅ versus duty cycle (a) and frequency (b).
(a) The dendritic interface is considerably flattened versus the reducing the pulse duty cycle, and their height is reduced by ∼25% in the
investigated range. The curve of D = 1 corresponds to DC charging. (b) The dendrites are significantly compressed versus increasing the pulse
frequency f by as much as 40%. In all cases the total charging time is maintained constant for equivalency where ∑tON = 2.5 s (the figure is cropped
at 8 s to show detailed visualization).
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a total displacement δr. Periodic boundary conditions were
applied in the x-direction; for example, every ion exiting the
domain boundaries automatically enters the domain from the
opposite side (x + lSIM for exiting from the left and x − lSIM for
exiting from the right). Similarly, for the y-direction, if an ion
leaves from above the domain, that move is canceled and
another ion is added to the same y-position at a random x.
When the moving ions either reach the bottom surface or
overlap with the already-established dendrite structure, they
turn into the dendrite and another free ion is added from the
top interface to keep the ionic flow steady and the number of
the present free ions constant. The attachment condition could
be mathematically expressed as

| | dr ri jSEP, DND, Bond

where rSEP,i and rDND,j are the position vectors of a random
moving ion and a random stationary dendrite atom, and dBond
is the bond distance (dBond = 2.56 × 10−10 m).59 In this regard,
the probability p of bonding upon overlap is considered to be
unity, which means that the ion turns into a dendrite
immediately upon getting close enough to the dendritic
structure. The simulation is stopped when the number of
atoms in the dendrite reaches the prescribed value of N = 600,
which excludes the initial flat atoms describing the electrode
surface. The dendritic interface was assumed to be a distance
of 1.3rBond from the interfacial atoms, which is a very close
contour to the dendrite. Subsequently, it was tracked and
measured for interface tortuosity τ, based on eq 3.

In order to establish an analogous comparison between the
experiments and simulations, one must develop an affordable

simulation framework that contains the key parameters
describing the experimental electrochemical system and the
method of electrodeposition. In this regard, we focus on the
characteristic parameters presented in Table 2.

3.1. Transition Time. The transition (i.e., characteristic)
time is a time measure for the diffusion of the ions in an
electrochemical cell. The pulse-charging contains trains of both
charge period with Faradaic reactions, followed by the rest
period for charge concentration relaxation, both of which
merely occur in the double-layer region with the estimated
scale of Debye length (λD) as described below:

=
T

ez FC

R
D

0
2

0 (4)

where ε is the relative permittivity of the electrolytic medium,
ε0 the vacuum permittivity, R the universal gas constant, T the
absolute temperature, e the electron charge, z the valency of
the ion, F the faradaic constant, and C0 the bulk concentration.

Therefore, for a large-scale experimental observation
performed in the domain lEXP, an appropriate characteristic
time tEXP could be measured from their geometric mean as60

t
l

Dexp
D EXP

EXP

which pertain to both local (i.e., λD) and global (i.e., lEXP)
effects.

On the other hand, the scale of atomistic simulations is
typically given in nanometers (lSIM ≈ nm) while the Debye
length is typically given in micrometers (λD ≈ μm). Hence,
since the atomistic events occur in far smaller scale (lSIM ≪
λD), the appropriate length scale for the formation of charge
density and its relaxation during the pulse charging would
occur in a much smaller domain (lSIM) per se, and the
respective characteristic simulation time tSIM could be defined
solely by means of local relaxation as

t
l

DSIM
SIM

2

SIM

Hence, in order to pertain to equivalent concentration
relaxation times, we scale the diffusivity value D by equating
the transition time scales between the experiments tEXP and
simulations tSIM (tSIM = tEXP) where the reduced diffusivity
DSIM for the simulations is defined as follows:

=D DSIM EXP (5)

where α is the coefficient of reduction for the diffusivity
= l l( / )SIM

2
D EXP , to attain affordable computation. The

value of DSIM is given in the values presented in Table 2. In
addition, the reduction of the diffusivity to DSIM makes

Figure 7. Coarse-grained framework, showing the displacement
elements involved. [Legend: red vector, diffusion; blue vector,
electromigration; pink vector, smaller displacement due to interionic
collisions; red circles, free ions; green branches, dendrites; gray lines,
isopotential contours). Reprinted with permission from ref 54.
Copyright 2019, American Physical Society.]

Table 2. Simulation Parameters

parameter value unit source experimental parameter value unit

D(0.05 M) 4.4 × 10−10 m2 s−1 ref 61 f {10, 100, 1000} Hz
DSIM 3.62 × 10−14 m2 s−1 eq 5 D {12, 14, 16} −
V ∼50 mV eq 8 δt 1 μs
ε0 8.82 × 10−12 F m−1 ref 62 T 298 K
ε 85 − ref 63 z 2 −
R 8.314 J mol−1 K−1 ref 62 C0 0.5 M
F 96.5 kC mol−1 ref 64 lSIM 16.7 nm
e 1.6 × 10−19 C ref 64 N 600 [ ]
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significantly fewer atoms leae the boundary, leading to more
realistic results with regard to dendrite formation.

3.2. Pulse Efficacy. Typically for an effective pulse
charging, the two terms of δrM and δrD must competitive, so
the relaxation during the pause period could avoid the buildup
during the pulse. Henceforth, the other important factor for
the efficacy of the pulse charging is the competitiveness of the
displacements in the pulse period tON with the rest period tOFF.
Equating the respective displacements (MSD ≈ EMD), we get

D t
D e

k T
E t2 SIM

SIM

B
ave

(6)

where e is the electron charge, kB the Boltzmann constant, T
the absolute temperature, and Eave the average electric field in
the equivalent simulation medium, which can be obtained from
the expression Eave = V/d. Since the range of d varies and, in
fact, covers the entire medium 0 < d < lSIM, the range of electric
field will be < <V l E/ SIM . Herein, we choose the
candidate value of MSD in this range as an approximation;
hence,

E
V

D t2ave
SIM

SIM (7)

Combining eqs 6 and 7, we get a measure for the voltage
scale VSIM in the equivalent simulation medium as

=V
k T

e

2
SIM

B

(8)

For simulations, the position of the Cu ions is randomly
initialized at t = 0. The ions were allowed to perform random

walks during simulation time increments δt of the pulse

charging as follows:

+t
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MSD EMD
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l
m
oo

n
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Figures 8 and 9 represent the morphological variations of the

obtained dendrites versus the applied duty cycle D and pulse

frequency f, respectively, and their tortuosity τ has been

quantified in Figure 10, which is consistent with the

experimental trends in Figures 6a and 6b.

Figure 8. Simulation morphologies obtained versus varying the duty cycles D of (a) 1/2, (b) 1/4, and (c) 1/6. [Legend: red, dendrites; blue, free
ions; lines, isopotential contours (dimensions given in terms of × 10−8 m). f = 1000 Hz, N = 600.]

Figure 9. Simulation morphologies obtained versus varying the frequency f of (a) 10 Hz, (b) 100 Hz, and (c) 1000 Hz. (dimensions are given in
terms of × 10−8m). D = 1

6
, N = 600.]

Figure 10. Simulation values for tortuosity τ versus frequency f at
different duty cycles D.
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4. RESULTS AND DISCUSSION
As shown in eq 9, during the pulse period tON, both diffusion
(MSD) and electromigration (EMD) displacements are in
action, whereas, during the rest period tOFF, the diffusion
(MSD) is the sole driver for ionic motion. Mechanism-wise,
the diffusion moves the ions from regions of higher
concentration to regions of lower concentration (−∇C),
which has a tendency to form a uniform ionic distribution.
However, the electromigration EMD has a propensity to move
the ions in the direction of the electric field from higher
electric potential to lower electric potential (−∇V). As shown
in Figure 7, the tip of the dendrite generates enormous electric
fields (blue vectors), because of its curvature and closer
proximity to the counter electrode and attracts a larger portion
of the upcoming ions. Therefore, the efficacy of pulse charging
is to supply a subsequent rest period tOFF for ions to escape
away from the dendritic tips by means of diffusion. This moves
the growing tendency from fast-growing tips to the slow-
growing pores, ending up in a flatter morphology.52

From eqs 1 and 2, imposing various Duty cycle D and
frequency f values in fact determines the time span for
occurrence of electromigration (EMD) and diffusion (MSD)
displacements. Elaborating further on the pulse tON and rest
tOFF periods, we get

=
+

>
t

t

t t
D

( )
0

ON

OFF

ON OFF
2

which means that the change in the duty cycle D and pulse
period tON have the same trend. On the other hand, D↓ = tON/
(tON +tOFF↑), which means the opposite trend between duty
cycle and rest period tOFF. In addition, from eq 1, it is obvious
that the increase in both tON and tOFF reduces the frequency f.
To summarize:

t fD ,ON

and:

t fD ,OFF

which means that reducing the duty cycle and increasing the
frequency should be beneficial for suppressing the fast-growing
dendrites. This is in agreement with the trends observed in
Figures 6b and 6a, both in terms of the interface tortuosity τ
and average dendrite height y̅. Moreover, in Figure 6a, the DC
charging, which corresponds to D = 1, shows the largest
propensity for the dendritic development.

However, there is a limit where the aforementioned
parameters remains effective. The pulse period tON should
ultimately be enough for the ions to charge of the double layer
and reach the reaction sites for reduction.65 Therefore,
increasing the pulse frequency beyond a certain limit will not
noticeably control the dendritic growth.55 In fact, the range of
duty cycle is selected based on the dynamics of the double
layer. For example, the maximum value of the duty cycle is
found to be Dmax := 1/2,54,53 based on the comparison of the
reach of the ionic displacements during the pulse tON and rest
tOFF periods, and its minimum value has been experimentally
chosen when there is no noticeable difference in the further
reduction of the duty cycle D, which is given as Dmin = 1/6 in
the experiments. In other words, the duty cycle D has been
reduced until the following threshold was met for obtaining
Dmin:

<
y

D
0.1

The obtained value for Dmin has a close correlation with the
previous finding of Dmin = 1/4 for another setup and cell
composition.52 In addition, the range of the chosen frequency f
should encompass the time-scale tEXP for the relaxation of the
Debye screening length λD, which could be approximated as
the geometric mean of the local scale λD and the global domain
scale of l as60

= =t
l

D
7.7 ms 10 sEXP

D EXP

EXP

3

where λD is the Debye screening length representing the
significance of the electrostatic effect from the charge carrier
(eq 4), and DEXP is the diffusivity of Cu2+ ions.61 Since tEXP ≈
10−3 s, hence, one expects the upper limit for frequency to be
fmax ≈ 103 Hz. Imposing duty cycles reduce this value further,
and in the range of D ∈ [1/6, 1/2], one gets f ∈ [65, 108] Hz.
To confidently cover this range, we chose the broader span of f
∈ [1, 1000] Hz in the experiments.

From Figure 5, it has been observed that the grain sizes have
been reduced when imposing higher frequencies. The
underlying reason is not allowing the surrounding diffusion
layer to grow larger by continuously distorting it during the
high frequency/low duty cycle charging. As a result, the
particles gain more ordered geometries for lower frequencies/
higher duty cycles.

Here, note that, in the experiments, the 3D growth on the
electrode surface is captured as a two-dimensional (2D) image,
and the aforementioned results are based on the 2D analysis.
Therefore, the inhomogeneity in the third direction is not
captured for tortuosity measurements, such as a smaller
dendrite growing behind a larger one. From another angle, two
superimposed similar dendritic structures are likely to
contribute one value of tortuosity in that particular frame. As
a result, we followed the trend of the tortuosity instead of the
exact values.

Needless to mention, since the underlying mechanisms of
the dendritic growth from electrodeposition is highly material-
dependent,21,66 the quantitative conclusions from our study are
valid for copper. However, the similarity of the trends between
lithium and copper strengthens the hypothesis of the efficacy
of the pulse charging on the dendritic compression for the
larger span of the metallic elements.

5. CONCLUSION
In this paper, we have explained the compression in the
dendritic evolution by means of two distinct parameters of
duty cycle and frequency in pulse charging. We have shown
that the dendrites could shrink by as much as a factor of ∼6 by
increasing the pulse frequency f, as well as by a factor of ∼20
by varying the pulse duty cycle D. Establishing an equivalent
computationally affordable simulation framework based on
coarse-grained modeling, we have shown that the tortuosity of
the growing interface has been reduced to 25% and 40% by
reducing the duty cycle D and increasing the frequency f.
Moreover, the role of the investigated parameters have been
translated versus the pulse tON and rest tOFF periods,
respectively, and their individual role has been analyzed.
Finally, the limits of the pulse duty cycle and frequency have
been investigated for the efficacy of pulse charging, where the
former is related to the relaxation period for the concentration
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gradient in the boundary of the electrodeposits, and the latter
has been correlated the sufficiency of time for charging the
double layer. The obtained characteristic trends are useful for
the designing the space of parameters for pulse-charging,
particularly for the dendrite-prone systems.
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