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Abstract

Dendritic copper structures were synthesized by electrocrystallization from a
sulfate electrolyte (0.31 M CuSO, + 1.53 M H,SO,) at a high cathode current
density of 20 A/dm? under conditions of concurrent hydrogen evolution. The
obtained deposits are approximately 200 um in thickness. The multilevel void
architecture of the dendritic copper was characterized using scanning electron
microscopy combined with image processing and statistical analysis. Inter-
dendritic voids were approximated by area-equivalent fitted ellipses, enabling
quantitative assessment of pore size distributions. Analysis by quantity re-
vealed three distinct void populations with peak maxima at 2.41 pum, 5.06 um,
and 10.93 pm, accounting for 23%, 34%, and 42% of voids, respectively. Area-
weighted analysis identified four void populations with peak maxima at 15.9
um, 33.4 um, 46.0 um, and 72.2 pm, contributing 54%, 16%, 19%, and 4% of
the total void area. The estimated pore density was 2529 pores/mm?, the total
void area fraction was found to be 0.3054, with an average void area of 108.46
um? corresponding to an effective diameter of 11.75 pm. A distinct category of
through-pores was identified, defined as voids with an effective diameter > 20
um through which the underlying substrate surface becomes visible in SEM
images. These through-pores, formed by the coalescence of hydrogen bubbles
generated during the hydrogen evolution reaction, occupy approximately 39%
of the total void area and provide significantly enhanced filtration and diffu-
sion characteristics compared to smaller pores. The hierarchical void struc-
ture, combining numerous small pores for high surface area with larger inter-
connected channels for efficient transport, makes these dendritic copper films
promising candidates for application as current collectors in lithium-ion bat-
teries.

DOI: 10.4236/ampc.2026.164007  Apr. 14, 2026 145

Advances in Materials Physics and Chemistry


https://www.scirp.org/journal/ampc
https://doi.org/10.4236/ampc.2026.164007
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/ampc.2026.164007
http://creativecommons.org/licenses/by/4.0/

Y. Shmatok et al.

Keywords

Copper Dendrites, Electrocrystallization, High Current Density, Image
Analysis, Pore Size Distribution, Through-Pores

1. Introduction

The electrodeposition of copper dendritic structures has attracted considerable
research interest due to their unique morphological features and promising appli-
cations in various electrochemical systems. When electrodeposition is conducted
under high current density conditions, particularly in the presence of concurrent
hydrogen evolution, the resulting copper dendrites exhibit complex multilevel ar-
chitectures with well-developed interdendritic void networks [1]-[3]. Younus et
al. [1] demonstrated that a two-step electrodeposition approach creating 3D po-
rous trimetallic alloys begins with the electrodeposition of 3D copper dendrites,
which was found to be crucial for the catalyst’s mechanical stability. Their Cu@Cu-
Ni-Co catalyst maintained remarkable stability in both acidic and neutral condi-
tions at high current densities (48 - 165 mA-cm™) for up to 50 h without any de-
cline in activity, highlighting the importance of the developed electrodeposition
approach [1]. Dixon et al [2] demonstrated that nanoporous copper fabricated
from CuZn alloy precursors exhibits significant surface area enhancements, cor-
responding to a surface-area-to-volume ratio of 2.3 x 10° cm™ at the macro-scale
and 4.9 x 10° cm™ at the micro-scale, a 289-fold and 47-fold increase over their
respective geometric surface areas. Their findings highlighted the need for scale-
specific bath optimisation to enable reliable nanoporous copper formation [2].
Furthermore, Guo ef al. [3] developed a simple and efficient electrodeposition-
chemical dealloying process to fabricate a relatively high-porosity, high-perfor-
mance porous copper current collector with a thickness of 12 pm, a porosity of
36.9%, and a mechanical strength of 362 MPa. Electrochemical tests showed that
the Coulombic efficiency of the half-cell remained 98.05% after 240 cycles, and
the de-alloyed porous copper current collector demonstrated more excellent Cou-
lombic efficiency and cycle stability compared to commercial foil [3]. The inter-
dendritic void network in such structures presents a sophisticated multilevel to-
pology, where primary pores formed by hydrogen bubble templates are intercon-
nected with secondary dendritic interspaces, creating a highly developed three-
dimensional architecture that significantly enhances the electrochemically active
surface area [3].

The unique topological features of dendritic copper structures make them ex-
ceptionally suitable for application as current collectors in lithium-ion batteries,
where high surface area and porous architecture are critical for electrode perfor-
mance. Liang ef al. [4] prepared a lithiophilic Ag-3D-Cu collector by electroless
silver plating on the surface of foam copper. The Ag-3D-Cu-30 s electrode ob-

tained after a chemical silver-plating time of 30 s exhibited a lower overpotential
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for nucleation and polarization compared to 3D-Cu electrodes while achieving a
uniform lithium deposition morphology. The Li||Ag-3D-Cu-30 s cell showed sta-
ble cycling for nearly 140 cycles, with an average Coulombic efficiency of 98%,
demonstrating excellent cycling performance [4]. Wang et al. [5] developed mul-
berry-like copper foil (M-CF) with a biomimetic structure on the surface of cop-
per foil by adsorbing poly (acrylic acid) molecules on the surface of copper to
hinder and disperse its growth during electrodeposition, optimizing its growth
mode. The M-CF anode was capable of stable Li plating/stripping over 500 cycles
with a high average Coulombic efficiency of 98.1%. The assembled symmetrical
battery was stably cycled over 1600 h at a low voltage hysteresis of 11 mV [5].
Beyond these battery-specific studies, various electrodeposition approaches have
been explored to create porous copper architectures. Younus et al [1] employed
a two-step electrodeposition method to create 3D porous Cu@Cu-Ni-Co alloys,
where initial copper dendrite deposition proved crucial for mechanical stability,
achieving an overpotential of 275 mV at 10 mA-cm™ in phosphate-buffer solu-
tion.

Together with developing topologically new dendritic structures, some of the
researchers are improving their experimental studies with various characteriza-
tion techniques [2] [6]. Dixon ef al [2] utilized citrate-complexed sulphate baths
for electrodeposition of CuZn alloy precursors followed by chemical dealloying,
with physical characterisation using SEM, AFM, EDX, XRD, and TEM confirm-
ing the formation of nanoporous architectures with consistent crystallographic
features across scales. Colliard-Granero et al. [6] developed deep-learning-en-
abled 3D analysis methods for porous materials in energy devices, demonstrating
that traditional analytical techniques such as 2D scanning electron microscopy
followed by Otsu thresholding and manual annotation lack the three-dimensional
context necessary to accurately capture complex physical properties of porous elec-
trode media.

The efficiency of battery current collectors is fundamentally determined by their
specific surface area, which is intimately related to void size parameters, including
pore size distribution and overall porosity. Accurate determination of these pa-
rameters requires specialized characterization techniques and equipment. Lv et a/.
[7] demonstrated that physisorption techniques provide detailed insights into
pore structure, offering specific surface area (BET), pore volume, and pore size
distribution data, though collection of a complete isotherm can require approxi-
mately 9 hours per sample, with micropore size distribution analysis taking about
1.5 hours. Dixon et al. [2] employed scanning electron microscopy combined with
image analysis to characterize the porous structure of three-dimensional current
collectors, systematically investigating the effects of substrate copper foil condi-
tion and electrodeposition parameters on the microstructure and properties of
the alloy coating. Colliard-Granero et al. [6] developed UTILE-Pore, a deep-learn-
ing-enabled 3D analysis method, demonstrating that their approach captures the

complex three-dimensional morphology of porous materials that traditional 2D
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techniques miss, but such approach requires a sufficient quantity of 3D micro-CT
data for training and calibration.

The aim of this work was to synthesize, study, and characterize the void struc-
ture of dendritic copper films, obtained by electrocrystallization at high current
density, employing image processing and statistical distribution analysis as an al-
ternative, time-effective, and cost-effective characterization approach. This meth-
odology enables quantitative assessment of pore architecture, including pore size
distribution, porosity, and morphological parameters directly from microscopic
images, providing a rapid screening tool that can serve as a pre-test characteriza-
tion technique. Such analysis allows researchers to identify which samples warrant
further detailed electrochemical testing, potentially reducing the time and resources
dedicated to exhaustive characterization of unsuitable specimens while enabling
informed selection of optimal dendritic structures for battery current collector

applications.

2. Experimental Part

The electrodeposition of copper in the form of dendritic structures was performed
via electrolysis of Cu®* ions onto a copper substrate measuring 100 x 20 x 1 mm
(supplied by Shandong Hongyan Metal Material Co., Ltd.). The substrates were
commercially pure flat plates of grade C11000, containing a minimum of 99.90%
Cu, approximately 0.02% to 0.06% O,, with the balance comprising trace elements.
The electrodeposition process was conducted in an electrolyte composed of 0.31
M CuSOs and 1.53 M H,SO,, at a voltage of 3.6 V and a cathode current density
0f 20 A/dm? for a duration of 2.5 hours. A custom-designed three-electrode cell
was used (Figure 1), featuring two anodes and one cathode positioned centrally
between them. This configuration ensures a more uniform current distribution
across the cathode surface compared to two-electrode cell. The electrolyte volume
of the cell was filled with approximately 3.6 ... 4 liters of freshly prepared electro-
lyte. To improve the uniformity of copper deposition, especially at high current
densities, the cathode was mechanically moved during the deposition process, as
shown in Figure 1. Such linear reciprocation motion, with an amplitude of 40 mm
and frequency of 10 rpm, enhances mass transport and disrupts the diffusion bound-
ary layer.

A programmable DC power supply, GW Instek SPD-3606 (Good Will Instru-
ment, Taiwan region), was used in galvanostatic (constant current) mode.

To ensure deposition occurred only on the front surface, the reverse side of the
plate was protected with insulating tape. Following deposition, the obtained sam-
ples, featuring a dendritic copper layer approximately 200 um thick, were carefully
rinsed with running distilled water (Figure 2).

A total of 1983 voids were segmented and analyzed from a single representative
SEM field, providing the statistical basis for the distribution functions presented
in this study. Ten independently prepared samples were examined across 67 SEM

fields to confirm the representative nature of the analyzed image.
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Figure 1. Schematic diagram of electrodeposition setup.

Figure 2. Sample appearance.

The surface morphology of the obtained Cu dendrites was examined using scan-
ning electron microscopy (SEM) with a ZEISS EVO 10 instrument (Germany). A
representative SEM image of the dendritic surface morphology is presented in
Figure 3(a). To facilitate quantitative analysis, the SEM image was processed us-
ing Image] software to generate a binary image (Figure 3(b)). The threshold value
for binarization was set manually to ensure high-resolution representation of the
interdendritic (void) space. Subsequently, the interdendritic spaces, appearing white
in the binary image, were approximated by area-equivalent fitted ellipses (Figure
3(c)). The orientation of each ellipse was defined such that its major axis aligned
with the shortest distance between the two most distant pixels of the correspond-
ing void area. Each fitted ellipse was characterized by three primary metrics (Fig-
ure 3(c)): the length of the major axis a, the length of the minor axis b, and the
inclination angle of the major axis relative to the horizontal (X-axis). Using these
metrics, thearea A4 =rab,aspectratio a/b,and eccentricity of each ellipse were
calculated and compiled in Microsoft Excel. The effective diameter of each void

was defined as the diameter of a circle with equivalent area: d,, =2 Al7m . This
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scalar value allowed direct comparison of void sizes irrespective of shape. A through-
pore was operationally defined as a void with d,; > 20 um, based on the obser-

vation that voids of this size or larger consistently revealed the substrate surface

beneath the dendritic layer in SEM images.

Figure 3. Reference image and processing results: (a) SEM image of the copper dendrites
(Insert: single dendrite branch); (b) Binary mask; (c) Segmented binary mask using water-
shed; (d) Map of fitted ellipses into the void space of the segmented binary mask.

Further statistical analysis, including the computation of probability distribu-
tion functions and their normalization, was also performed in Excel. The resulting
normalized cumulative distribution function (CDF) curves were subsequently pro-
cessed using Origin software, employing the peak fit module to perform deconvo-
lution of the CDF curves, thereby enabling detailed identification of predominant

pore populations and their respective fractions.

3. Results and Discussion

3.1.Image Processing

It is known that the volume of voids in Cu-dendrites formed during the electro-
lytic deposition method is multileveled [8]-[10]. The formation of a multilevel
void structure indicates that certain areas of the cathode experience difficulty with
the supply of copper ions during electrodeposition, and the processes of discharge
of copper and hydrogen ions occur at spatially separated locations. The centers of
such areas were apparently sites of preferential discharge of hydrogen ions, which
after reduction, formed gas bubbles, effectively blocking the supply of copper ions
to those regions. The developed morphology of copper dendrites was analyzed by

characterizing interdendritic voids through representing them as elliptical equiv-
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alents, where each ellipse has an area equal to that of the replaced void region.

The SEM image of the dendritic structure with the three studied types of voids
is shown in Figure 3(a). Visual examination reveals a highly porous architecture
characterized by interconnected dendritic branches and complex void networks
of varying sizes and morphologies.

The characterization of the binary mask (Figure 3(b)) begins with a segmenta-
tion procedure, the result of which is presented in Figure 3(c). Segmentation was
performed using the watershed algorithm to properly separate overlapping or in-
terconnected void regions, ensuring that each individual void could be analyzed
independently. Following segmentation, an ellipse-fitting algorithm based on the
method of moments [11] [12] was applied to each identified void region. This
approach generates a map of ellipses that optimally represent the geometry of each
void space while preserving the area equivalence principle (Figure 3(d)). Each fitted
ellipse retains the spatial orientation and aspect ratio characteristics of the original
void, enabling comprehensive morphological analysis.

From the resulting ellipse map, the estimated pore density was calculated to be
2529 pores per square millimeter, indicating a highly developed porous architec-
ture with a dense distribution of interdendritic voids. The total void area fraction,
obtained directly from the binary image (Figure 3(b)) as the ratio of white (void)
pixels to total pixels, was found to be 0.3054. This value represents the overall po-
rosity of the dendritic layer in the analyzed plane and provides a fundamental mor-
phological parameter that complements the pore size distribution analysis.

Based on the ensemble statistics of all fitted ellipses, the average area of the in-
scribed ellipses was determined to be 108.46 um?. This value corresponds to an
effective pore diameter of 11.75 um, calculated as the diameter of a circle with
equivalent area. This effective diameter provides a convenient single-parameter
representation of the characteristic void size within the dendritic copper struc-
ture.

The multilevel nature of the void architecture, previously suggested in the lit-
erature [8]-[10], is visually confirmed by the variety of ellipse sizes visible in Fig-
ure 3(d). The presence of both large primary voids (likely formed by hydrogen
bubble templates during electrodeposition) and smaller secondary voids (origi-
nating from the spaces between individual dendritic branches) contributes to the
hierarchical pore structure. This multiscale porosity is particularly advantageous
for electrochemical applications, as it provides both high specific surface area from
small pores and efficient electrolyte transport pathways through larger intercon-
nected channels.

The quantitative approach presented here—combining SEM imaging, binary
segmentation, watershed separation, and ellipse fitting—enables objective and re-
producible characterization of complex dendritic morphologies. Unlike qualita-
tive visual assessment, this method yields statistically robust metrics that can be
correlated with synthesis parameters and ultimately with electrochemical perfor-

mance.
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3.2. Distribution Functions of Fitted Ellipses, Built by Quantity

Using the equations of mathematical statistics [13] [14], normalized graphs of the
probability distribution function (PDF) were constructed—representing the dif-
ferential distribution—along with the cumulative distribution function (CDF) of
the ellipses, representing the integral distribution (Figure 4). The obtained curves
were constructed based on the number of ellipses falling within a limited range of
areas, recalculated as the Effective Diameter of voids. The Effective Diameter of
voids is a scalar value derived from the area of each fitted ellipse, representing the

diameter of a circle with equivalent area.
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Figure 4. Distribution functions of fitted ellipses based on quantity: (a) Probability density function (PDF) with deconvoluted peaks;
(b) Complementary cumulative distribution function (1-CDF).

The PDF function shown in Figure 4(a) exhibits feature characteristics of mul-
timodal distributions, which upon deconvolution, reveal three underlying popu-
lations of voids. Peak fitting was performed in Origin software using the Gauss-
ian_LorenCross peak type, which combines Gaussian and Lorentzian contribu-
tions for optimal representation of the experimental data. Selected from among
the Gaussian-based models, it yielded the highest fit accuracy, as confirmed by the
coefficient of determination (R* = 0.99). The number of peaks was chosen by min-
imizing the residual sum of squares while avoiding overfitting; three peaks provided
an optimal balance between fit quality and model parsimony. The deconvolution

parameters are summarized in Table 1.

Table 1. Deconvolution data summary of quantity-based PDF.

Peak Number 1 2 3
Effective void diameter by peak maximum, um 2.41 5.06 10.93
Fraction 0.23 0.34 0.42
Full width at half maximum (FWHM), um 2.03 5.1 10.3
R-sqr (COD) 0.99
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The deconvolution analysis reveals three distinct void populations within the
dendritic copper structure. The first population, centered at an effective diameter
of 2.41 um, represents the smallest voids with a relatively narrow size distribution
(FWHM = 2.03 pm). This population accounts for approximately 23% of the total
void quantity and likely corresponds to the spaces formed between individual den-
dritic branches during the early stages of crystal growth.

The second population, centered at 5.06 pum with a FWHM of 5.10 um, consti-
tutes the largest fraction (34%) of voids by quantity. This intermediate population
represents the primary interdendritic spaces formed during the main growth phase
of the electrodeposition process.

The third population, centered at 10.93 um with a substantially broader distri-
bution (FWHM = 10.30 um), accounts for the largest proportion (42%) of voids
by quantity. Despite being the most numerous, this population exhibits the widest
size variability. These large voids likely originate from regions where hydrogen bub-
ble formation temporarily blocked copper ion supply during electrodeposition,
creating larger cavities within the dendritic architecture. The excellent fit quality
(R?=0.99) confirms that the three-population model accurately represents the un-
derlying void size distribution.

The complementary cumulative distribution function (1-CDF) shown in Fig-
ure 4(b) provides an integrated view of the void size distribution. This curve rep-
resents the probability that a randomly selected void has an effective diameter
greater than a given value. The relatively gradual slope of the curve across the range
from 0 to 40 um confirms the multiscale nature of the void architecture, with sig-
nificant contributions from voids spanning nearly two orders of magnitude in
size.

The multimodal void size distribution revealed by this analysis provides quan-
titative confirmation of the multilevel void structure previously suggested by qual-
itative observations [8]-[10]. The presence of three distinct void populations with
different characteristic sizes and relative abundances reflects the complex inter-
play between copper electrodeposition and concurrent hydrogen evolution during
the synthesis process. Small voids (Peak 1) arise from dendritic branching, inter-
mediate voids (Peak 2) correspond to primary interdendritic spaces, and large voids
(Peak 3) result from hydrogen bubble templating effects. This hierarchical poros-
ity is particularly advantageous for electrochemical applications, as it combines high
surface area from smaller voids with efficient electrolyte transport pathways pro-

vided by the larger interconnected channels.

3.3. Distribution Functions of Fitted Ellipses, Built by Area

The distributions obtained in Figure 4 effectively describe the void structure from
the perspective of quantitative statistics, where each void contributes equally re-
gardless of its size. However, for applications where the volume or area occupied
by voids determines functional performance—such as electrolyte access, active ma-

terial infiltration, or ion transport pathways—it is essential to consider the distri-
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bution weighted by the actual space occupied by each void population. Accordingly,
the next step was to construct the distribution of interdendritic voids based on their
occupied volume (or area, in the case of a two-dimensional image space).

As can be seen from Figure 5(a), the area-weighted data exhibit clear differen-
tiation with several pronounced PDF distribution peaks. Prior to deconvolution,
the original probability density function was smoothed to reduce noise arising
from the finite number of voids and the discrete nature of the effective diameter
binning; this smoothing preserved the overall shape while enabling stable peak
fitting. Peak fitting was performed in Origin software using the Gaussian_Loren-
Cross peak type, which among the Gaussian-based models, gave the best fit accu-
racy, reflected in the coefficient of determination (R* = 0.95). Four peaks were
selected based on residual analysis and the requirement to capture all discernible
populations without overfitting. The deconvolution parameters are summarized
in Table 2.
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Figure 5. Distribution functions of inscribed ellipses, built by area: (a) Normalized probability density function (PDF) with decon-

voluted peaks; (b) Complementary cumulative distribution function (1-CDF).

The deconvolution revealed four distinct populations contributing to the over-

all void area distribution, with their parameters summarized in Table 2.

Table 2. Deconvolution data summary of area-based PDF.

Peak Number 1 2 3 4
Effective void diameter by peak maximum, um 159 334 460 722
Fraction 0.54 0.16 0.19 0.04
Full width at half maximum (FWHM), um 21.4 7.5 12.9 5.2
R-sqr (COD) 0.95

The largest contributions to the total void area come from three primary distri-
bution peaks, though the deconvolution identifies a fourth minor population at

larger diameters. The predominant peak (Peak 1), centered at an effective diame-
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ter of 15.9 pm, accounts for the majority of the void area with an area fraction of
0.54 (54% of the total void space). This peak exhibits a broad distribution (FWHM =
21.4 pm), indicating that voids in this size class vary considerably in their dimen-
sions while collectively dominating the porous architecture.

The second peak (Peak 2), centered at 33.4 pm with an area fraction of 0.16, rep-
resents intermediate-sized voids with a relatively narrow size distribution (FWHM =
7.5 um). The third peak (Peak 3), centered at 46.0 pm with an area fraction of 0.19,
shows a broader distribution (FWHM = 12.9 um) and contributes nearly as much
area as Peak 2 despite being centered at larger diameters. A fourth, minor peak (Peak
4) appears at 72.2 um with an area fraction of only 0.04 and a narrow distribution
(FWHM = 5.2 um), suggesting the presence of a small population of exceptionally
large voids.

A distinct category of through-pores was identified within the dendritic copper
layer based on these area-weighted distribution data. Through-pores are defined
as voids with an effective diameter equal to or greater than 20 pm, through which
the underlying copper substrate surface becomes directly visible in SEM images.
This threshold was established empirically, as voids of this size or larger consist-
ently revealed the substrate beneath the dendritic layer during microscopic exam-
ination. The formation mechanism of these through-pores is attributed to the co-
alescence of hydrogen bubbles generated during the hydrogen evolution reaction
(HER) at high current densities. As electrolysis proceeds, adjacent hydrogen bub-
bles merge into larger bubbles that remain attached to the substrate surface for
extended periods, effectively blocking copper ion deposition in those regions. This
prolonged blocking creates enlarged cavities that penetrate through the entire
dendritic layer thickness, establishing direct line-of-sight access to the substrate.
The through-pore population is represented by Peaks 2, 3, and 4 in the deconvo-
lution analysis (all peaks with maxima > 20 pm). Collectively, these through-pores
occupy approximately 39% of the total void area, calculated by summing their area
fractions (0.16 + 0.19 + 0.04 = 0.39). Compared to smaller interdendritic voids,
through-pores exhibit significantly enhanced transport characteristics, including
improved filtration pathways for electrolyte penetration and substantially reduced
diffusion resistance for ion transport throughout the electrode thickness. These
larger channels provide low-tortuosity pathways that facilitate rapid electrolyte
exchange and promote uniform current distribution during electrochemical cy-
cling.

The cumulative distribution curve (Figure 5(b)) demonstrates characteristic
volume changes in the regions corresponding to these peak populations. The rel-
atively steep rise in the cumulative curve between approximately 10 um and 40
um reflects the dominant contribution of Peaks 1 and 2 to the total void area, while
the more gradual increase beyond 40 pm corresponds to the smaller contributions
from Peaks 3 and 4.

Comparison between the quantity-based distribution (Figure 4) and the area-

based distribution (Figure 5) reveals important insights into the void architecture.
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While the quantity-based analysis identified three populations with peak maxima
at2.41 um, 5.06 pm, and 10.93 pm, the area-based analysis shifts emphasis toward
larger voids. The most numerous voids (Peaks 1 and 2 in Figure 4) are small and
contribute minimally to the total void area. Conversely, the voids that dominate
by area (Peak 1 in Figure 5, centered at 15.9 um) are substantially larger, though
they represent a smaller fraction of the total void count. This shift reflects the fact
that void area scales with the square of diameter, so a small number of large voids
can occupy a disproportionately large fraction of the total void space.

The obtained distribution functions effectively describe the void space of a mul-
tilevel dendritic structure. The peaks on the curves characterize four key hole sizes,
which can be correlated with the three void types conditionally identified in this
paper’s classification and marked in Figure 3. Peak 1 (15.9 pm) likely corresponds
to the primary interdendritic voids formed during the main growth phase. Peaks
2 and 3 (33.4 um and 46.0 pm) represent larger cavities associated with hydrogen
bubble templating effects, where extended periods of bubble blocking created en-
larged void regions. Peak 4 (72.2 um) may correspond to rare, exceptionally large
voids formed by coalescence of multiple hydrogen bubbles or extended bubble
residence at specific surface sites.

The hierarchical nature of the void architecture is quantitatively confirmed by
this analysis. The coexistence of multiple void size classes with different relative
contributions to count versus area provides the dendritic copper structure with a
combination of high specific surface area (from the numerous small voids) and ef-
ficient transport pathways (from the area-dominant larger voids). This multiscale
porosity is particularly advantageous for electrochemical applications such as bat-
tery current collectors, where both high surface area for reactions and open chan-

nels for electrolyte penetration are required.

4. Conclusions

In this work, copper dendritic structures were successfully synthesized by electro-

crystallization from a sulfate electrolyte at a high cathode current density of 20

A/dm? under conditions of concurrent hydrogen evolution. The obtained deposits

are approximately 200 pum in thickness. The multilevel void structure of the syn-

thesized copper dendrites was systematically characterized using scanning elec-
tron microscopy combined with advanced image processing and statistical analy-
sis.

The following conclusions can be drawn from this study:

1. The electrodeposition method at high current density with simultaneous hy-
drogen evolution produces copper dendrites with a highly developed hierar-
chical pore architecture. The estimated pore density of 2529 pores/mm? and
the total void area fraction of 0.3054 confirm the formation of an extensive void
network within the dendritic structure.

2. Image processing with binary segmentation, watershed separation, and el-

lipse fitting based on the method of moments provides an effective quantita-
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tive approach for characterizing complex dendritic morphologies. This meth-
odology enables objective and reproducible analysis of void structures with-
out the need for specialized and time-consuming characterization equip-
ment.

Quantity-based statistical analysis reveals three distinct void populations within
the dendritic copper structure. Deconvolution of the probability density func-
tion using Gaussian_LorenCross peak fitting identified populations centered
at effective diameters of 2.41 pm (23% of voids), 5.06 pm (34% of voids), and
10.93 pum (42% of voids). The excellent fit quality (R? = 0.99) confirms the va-
lidity of the three-population model.

Area-weighted analysis provides complementary insight into the distribution
of void space, which is critical for understanding transport properties and avail-
able surface area. Four void populations were identified, with peak maxima
at 15.9 pm, 33.4 um, 46.0 um, and 72.2 pm. The predominant contribution
comes from voids centered at 15.9 pm, which account for 54% of the total void
area despite representing a smaller fraction of the void count.

The comparison between quantity-based and area-based distributions reveals
the hierarchical nature of the void architecture. Numerous small voids (2 - 11
um) dominate the pore count and contribute to high specific surface area, while
larger voids (15 - 72 pm) dominate the void volume and provide efficient path-
ways for electrolyte transport. This multiscale porosity is particularly advan-
tageous for battery current collector applications.

The average void area of 108.46 um?, corresponding to an effective diameter
of 11.75 um, provides a convenient single-parameter representation of the char-
acteristic void size within the dendritic structure. However, this average value
alone does not capture the full complexity of the multilevel pore architecture
revealed by the deconvolution analysis.

The image processing and statistical analysis methodology demonstrated in
this work offers a time- and cost-effective alternative to specialized character-
ization techniques such as physisorption or mercury intrusion porosimetry.
This approach can serve as a pre-screening tool to identify promising samples
for further detailed electrochemical testing, potentially reducing the resources
dedicated to exhaustive characterization of unsuitable specimens.

A distinct category of through-pores was identified and characterized within
the dendritic copper layer. Through-pores are defined as voids with an effec-
tive diameter equal to or greater than 20 um, through which the underlying
copper substrate surface becomes directly visible in SEM images. The for-
mation mechanism of these through-pores is attributed to the coalescence of
hydrogen bubbles generated during the hydrogen evolution reaction (HER)
at high current densities. As electrolysis proceeds, adjacent hydrogen bubbles
merge into larger bubbles that remain attached to the substrate surface for ex-
tended periods, effectively blocking copper ion deposition in those regions and

creating enlarged cavities that penetrate through the entire dendritic layer
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thickness. These through-pores, represented by the deconvoluted peaks cen-
tered at 33.4 pm, 46.0 um, and 72.2 um in the area-weighted distribution, col-
lectively occupy approximately 39% of the total void area (calculated by sum-
ming the area fractions of all void populations with peak maxima > 20 pm:
0.16 + 0.19 + 0.04 = 0.39). Compared to smaller interdendritic voids, through-
pores exhibit significantly enhanced transport characteristics, including im-
proved filtration pathways for electrolyte penetration and reduced diffusion
resistance for ion transport throughout the electrode thickness. This combi-
nation of high surface area from smaller pores and efficient transport through
larger through-pores creates an optimized hierarchical architecture for electro-
chemical applications.

9. While the present study provides a detailed quantitative characterization of
the dendritic copper void architecture, several limitations should be acknowl-
edged. The enhanced transport characteristics attributed to through-pores—
such as improved filtration pathways and reduced diffusion resistance—are
inferred from the 2D morphological analysis rather than confirmed by direct
electrochemical testing or three-dimensional structural measurements. Simi-
larly, the operational definition of through-pores (d,; > 20 pm) is based on
visual substrate visibility in SEM images and serves as a practical threshold
for classification, but the actual functional relevance of this cutoff in electro-
chemical applications requires further validation. The porosity metric (total
void area fraction = 0.3054) represents a planar projection and may not fully
capture the true three-dimensional pore connectivity and tortuosity of the
dendritic layer. Complementary techniques such as focused ion beam scan-
ning electron microscopy (FIB-SEM) for 3D reconstruction, X-ray computed
tomography, or electrochemical impedance spectroscopy would be valuable
to corroborate the transport properties inferred from the present analysis.
Notably, the image analysis methodology employed here offers a natural path-
way to 3D characterization: by calibrating grayscale intensities in SEM images
to actual depth information, the method can be extended to reconstruct the
three-dimensional void architecture from a single perspective or stereoscopic
pairs. This capability could provide more accurate volumetric parameters with-
out the need for more complex instrumentation. These considerations high-
light opportunities for future work to establish direct correlations between
the hierarchical void architecture identified here and the electrochemical per-
formance of dendritic copper structures in battery current collector applica-
tions.

In summary, the combination of high-current-density electrocrystallization with
systematic image-based characterization provides a robust framework for develop-
ing and evaluating dendritic copper structures for advanced energy storage appli-
cations. The quantitative understanding of void architecture established in this
work creates a foundation for correlating synthesis parameters with morphologi-

cal features and, ultimately, with electrochemical performance in lithium-ion bat-
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tery current collectors.
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