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Electrodeposited copper foils with engineered properties are in high demand as critical components in lithium-
ion batteries (LIBs) and printed circuit boards (PCBs). In this study, the effects of sodium saccharin (SAC) on the 9
pm-thick electrodeposited copper foils were systematically investigated. SAC is found to markedly reduce the
surface roughness of the copper foils, attaining a minimum Rz value of 0.91 pm. As the SAC concentration in-
creases, the grain size of the copper foils decreases markedly, accompanied by an enhancement in dislocation
density. Moreover, the (220) crystallographic texture becomes increasingly pronounced. These microstructural
changes induced by SAC collectively contribute to a significant improvement in mechanical performance, with
the tensile strength reaching up to 617 MPa. To elucidate the working mechanism of the electrodeposition ad-
ditive, a series of electrochemical analyses were conducted, revealing that SAC forms complexes with cupric ions,
thereby altering the electrochemical reduction kinetics and elevating the electrodeposition overpotential.
Furthermore, SAC exhibits a potential-dependent behavior that stems from the imbalance between the con-
sumption and transport rates of cupric ions during the electrodeposition process. These findings shed light on the
role that complexing agents play in electrodeposited copper foil production, providing both mechanistic insight
and a practical basis for engineering high-performance electrodeposited copper foils.

high-strength copper foils are crucial for minimizing the risk of tearing,
wrinkling, or deformation that could compromise electrical in-
terconnects [17-19]. Surface smoothness is another essential attribute

1. Introduction

Electrodeposited copper foils have become indispensable in the

fabrication of a range of devices, particularly in the manufacturing of
lithium-ion batteries (LIBs) [1-3] and printed circuit boards (PCBs)
[4-6], owing to their exceptional electrical conductivity, thermal sta-
bility, and compatibility with precision patterning processes [7-12]. As
device architectures continue to miniaturize for power density
enhancement, the demand for thinner, more reliable copper foils has
grown substantially. Mechanical strength is essential for ensuring the
long-term reliability of electrodeposited copper foils in practical use. In
LIBs, copper foils must withstand mechanical stresses encountered
during electrode fabrication, cell assembly, and repeated
charge-discharge cycles [13,14]. In PCBs, copper foils are subjected to
lamination, drilling, and thermal cycling [15,16]. Therefore,
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of high-performance copper foils. A smoother copper foil surface re-
duces interfacial impedance in LIBs by enhancing contact with the active
material layer and improves fine-line resolution and signal integrity in
PCBs by minimizing surface scattering [20-22].

The mechanical properties and surface roughness of copper foils are
strongly influenced by the additives employed during electrodeposition.
These Additives can be broadly categorized, based on their functional
roles, into adsorptive [23-28] and complexing agents [29-31]. To date,
most studies have primarily focused on adsorptive additives, such as
gelatin and bis-(3-sulfopropyl)-disulfide [23,26], which increase the
electrodeposition overpotential, thereby promoting grain refinement
and enhancing the mechanical strength of the deposits. Our
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investigation of 2-mercaptobenzimidazole (MBI) reveals a similar
behavior, demonstrating its capability to refine the microstructure and
promote nanotwin formation, thus enhancing the overall performance
of the resulting copper foils through its adsorption on the cathode sur-
face [24].

Although less frequently studied, complexing agents play a vital role
in the electrodeposition process, particularly in the production of
metallic electrodeposits with desirable properties. By forming coordi-
nation complexes with metal ions in the electrolyte, these agents regu-
late the electrodeposition overpotential, thereby modulating the
reduction kinetics and deposition behavior [29-32]. For instance, the
use of five different ligands under identical preparation conditions in
nickel plating results in five distinct electrodeposition rates and current
efficiencies [32]. Complexing agents not only alter the overpotential
required for electrodeposition but also impact the texture of electrode-
posits [33-36]. It has been reported that the use of sodium citrate, a
complexing agent, as an electrodeposition additive promotes the for-
mation of (111) texture during prolonged deposition [36]. In the context
of electrodeposited copper foil fabrication, the ability of complexing
agents to regulate deposition kinetics and crystallographic growth is
especially valuable, as these factors are directly linked to the mechanical
strength and surface quality of the final product [37-41]. Therefore,
understanding the role of complexing agents is essential for optimizing
electrodeposition conditions and achieving superior copper foil quality.

Currently, the understanding of the working mechanism of com-
plexing agents in electrodeposition is primarily confined to the addi-
tional overpotential required to dissociate the complexes formed
between metal ions and the complexing agents [30,42-44]. However, to
date, a comprehensive mechanistic framework detailing the behavior of
complexing agents as electrodeposition additives remains lacking. In
particular, the dynamic evolution of metallic species, including free ions
and their complexes with electrodeposition additives, under varying
electrochemical conditions has yet to be fully elucidated.

In this work, a complexing agent, sodium saccharin (SAC), was uti-
lized as an electrodeposition additive to enhance the mechanical
strength and surface quality of 9 um electrodeposited copper foils. A
comprehensive investigation was carried out to elucidate its regulatory
effect on the microstructure, with particular attention given to grain
refinement, dislocation density, and crystallographic orientation. Sur-
face roughness was also quantitatively assessed, and the corresponding
changes in surface morphology were discussed in depth. The findings on
the regulatory effects of SAC on the properties of electrolytic copper foils
offer a promising strategy for the controlled fabrication of high-quality
copper foils. Another key contribution of this study is the in-depth
elucidation of the microscopic mechanism by which SAC operates dur-
ing electrodeposition, achieved through a series of electrochemical ex-
periments. These insights advance the current understanding of
complexing agents as additives in electrodeposition processes. It should
be noted that the elucidated working mechanism of SAC is not exclusive
to this additive alone, but also reflects the general principles governing
the behavior of a wide range of complexing agents in electrodeposition
systems.

2. Experimental

Electrodeposited copper foils with a nominal thickness of 9 pm were
fabricated in a custom-built polypropylene electrodeposited cell. The
basic electrolyte consisted primarily of 1.35 mol/L cupric ions (Cu?*)
and 2 mol/L hydrogen ions (H"). To investigate the influence of sodium
saccharin (SAC) as an additive, its concentration in the electrolyte was
precisely controlled by introducing it as a pre-dissolved aqueous solu-
tion. Electrodeposition was carried out at a constant temperature of 50
°C, with a current density maintained at 650 mA/cm?—conditions
consistent with those widely adopted in industrial foil manufacturing. A
pure titanium plate served as the cathode, while the anode was iridium-
coated titanium. During deposition, the cathode was rotated at 500 rpm
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to enhance electrolyte circulation and mass transport.

Tensile testing was conducted in accordance with IPC-TM-650 2.4.18
standards. The tests were performed on an Instron 68TM-5 universal
testing machine using rectangular samples measuring 150 mm in length
and 12.7 mm in width. A constant strain rate of 50 mm/min was applied,
with a gauge length fixed at 50 mm.

The surface roughness of the matte side of the foils was evaluated
using a Marsurf M300 roughness tester. Surface morphology was further
examined by scanning electron microscopy (SEM, FEI Verios 460)
operating in secondary electron mode. Prior to SEM observation, all
specimens underwent cleaning with 10 % sulfuric acid solution followed
by rinsing in deionized water. To analyze the cross-sectional structure,
electrodeposition was employed to coat each sample with an approxi-
mate 2 mm-thick copper protective layer, then subjected to a combi-
nation of mechanical polishing and electropolishing. The
electropolishing procedure was carried out at room temperature using
an electrolyte comprising 25 % phosphoric acid, 25 % ethanol, and 50 %
deionized water. Cross-sectional imaging was performed using SEM in
backscattered electron mode. The average grain size was statistically
determined using the intercept method based on the measurements of
the lateral dimension of approximately 300 grains. Electron backscatter
diffraction (EBSD) was conducted using an FEI Nova 450 SEM, with an
accelerating voltage of 20 kV. The resistivity of the copper foils was
tested by a four-probe tester (FT-361A). The copper foils underwent a
heat treatment process within an atmospheric box furnace at 150 °C for
10 min. The crystallographic texture of the matte side of the foils was
characterized by X-ray diffraction (XRD, Bruker D8 Advance). The
texture coefficient (TC) was calculated using the following formula:

_I(hkD) /1<~ I(hkD)
TC(hkl) = Io(hkl) / E%l:zo(hkz) )

Here, TC(hkD) denotes the texture coefficient corresponding to a specific
crystallographic plane (hkl), I(hkl) refers to the measured relative in-
tensity of that plane, Io(hkl) represents the standard intensity obtained
from JCPDS powder diffraction data, and n indicates the total number of
diffraction peaks considered. The X-ray diffraction analysis was carried
out using Cu Ka radiation (A = 1.5418 [o\), with scans performed over the
260 range of 20° to 100° at a rate of 1.5° /min.

Electrochemical characterization was conducted in a standard three-
electrode glass cell connected to a Metrohm VIONIC electrochemical
workstation. All tests were performed in a basic electrolyte containing
0.5 mol/L Cu®* and 2 mol/L H* at 25 °C. The reduced cupric ion con-
centration and lowered temperature were chosen to improve the clarity
and resolution of the electrochemical responses. A platinum plate was
used as the counter electrode, while the reference electrode was a
mercury(I) sulfate electrode (MSE). Unless otherwise stated, all reported
working electrode potentials E are referenced to MSE. The working
electrode was a glassy carbon rotating disk electrode (GC-RDE) with a
diameter of 5 mm. Prior to each electrochemical experiment, a 7 pm-
thick copper layer was electrodeposited onto the surface of the RDE
using the base electrolyte, creating a copper working electrode. During
measurements, the electrode was rotated at a fixed speed of 100 rpm.
Linear sweep voltammetry (LSV) was performed by scanning from the
open circuit potential toward —1 V at a scan rate of 5 mV/s. Electro-
chemical impedance spectroscopy (EIS) was carried out at E = —0.55,
—0.60, and —0.65 V, using a sinusoidal perturbation of 10 mV amplitude
over a frequency range 0.01 < f < 10° Hz. The potential ranges applied
in this study do not overlap with that of hydrogen evolution, thereby
ensuring that hydrogen evolution is completely excluded from influ-
encing the observed electrochemical behavior.
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3. Results

3.1. Surface morphology and microstructure evolution with SAC
concentration

Fig. 1 presents SEM images illustrating the surface morphologies of
copper foil electrodeposited with varying concentrations of SAC. In the
absence of SAC (Fig. 1(a)), the copper surface exhibits a nodular, het-
erogeneous morphology characterized by the coexistence of large
cauliflower-like agglomerates and smaller crystallites. These crystallites
are loosely packed, resulting in a surface with distinct crevices extending
between the crystallites. Upon the addition of 50 ppm SAC (Fig. 1(b)),
the surface becomes noticeably more compact, with a higher degree of
grain coalescence. The crystallites appear finer and more uniformly
distributed. As the SAC concentration increases further (Fig. 1(c, d)), the
surface evolves toward greater smoothness and homogeneity. The grains
become more refined and closely packed, resulting in a flatter and
denser morphology. Additionally, the addition of SAC results in the
formation of tower-shaped crystallites on the surface of the copper foils.
The surface coverage of the crystallite increases from 4.72 x 10~ at 50
ppm SAC to 1.01 x 1073 at 200 ppm SAC.

The corresponding quantitative surface roughness values are shown
in Fig. 1(e). The surface roughness (Rz) decreases monotonically with
increasing SAC concentration, from 2.15 pm at O ppm to 0.91 pm at 200
ppm. This trend is consistent with the progressive morphological
refinement observed in the SEM images and further confirms the
surface-smoothing effect of SAC.

The cross-sectional SEM images in Fig. 2(a—d) show the evolution of
copper foil microstructures with increasing concentrations of SAC in the
electrolyte. In the absence of SAC (Fig. 2(a)), the microstructure is
characterized by a mixture of large, elongated columnar grains
extending vertically along the thickness of the foil and smaller equiaxed
grains. With the introduction of 50 and 100 ppm SAC (Fig. 2(b, c)), the
copper grains become notably finer, with a reduction in the proportion
of columnar grains. Further increasing the SAC concentration to 200
ppm (Fig. 2(d)) leads to a significant transformation of the microstruc-
ture, showing uniformly refined grains.

Fig. 2(e) quantitatively presents the average grain size as a function
of SAC concentration. A clear decreasing trend is observed: the average
grain size decreases progressively from approximately 423 nm at O ppm
to 251 nm at 200 ppm SAC. These results confirm that increasing the
SAC concentration leads to a refinement of the copper foil grain
structure.

As shown in Fig. 3(a), the matte side of the copper foils exhibits
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distinct XRD peaks corresponding to the (111), (200), and (220) crystal
planes, characteristic of the copper FCC structure. Notably, the relative
intensity of the (220) peak shows an overall increasing trend with rising
SAC concentrations, indicating that SAC promotes the preferential
growth of grains exhibiting (220) orientation. Fig. 3(b) quantifies this
texture evolution using texture coefficients (TCs). The TC for the (220)
plane rises significantly from 1.28 at 0 ppm SAC to 1.82 at 200 ppm SAC,
confirming the enhanced preferential orientation. Conversely, the TCs
for the (111) and (220) planes exhibit a general decreasing trend. Spe-
cifically, the TCs for (111) and (200) are 1.21 and 0.51 at O ppm SAC,
respectively, but drop to 0.81 and 0.36 at 200 ppm SAC, indicating
suppression of these orientations at elevated SAC concentrations. The
results demonstrate a clear correlation between SAC concentration and
the development of a (220)-dominated texture.

The microstructure of copper foils prepared without SAC and with
200 ppm SAC was characterized by EBSD, as shown in Fig. 4. The Inverse
Pole Figures (IPFs) (Fig. 4(a, e)) reveal notable differences in crystal-
lographic texture. The O ppm SAC sample exhibits a relatively weak and
dispersed texture, whereas the 200 ppm SAC sample shows a pro-
nounced (110) texture, which is consistent with the XRD analysis. The
orientation maps (Fig. 4(b, f)) reveal that SAC significantly refines the
grain structure, indicating that SAC acts as an effective grain refiner.
Kernel Average Misorientation (KAM) maps shown in Fig. 4(c, g) reveal
the degree of local lattice distortion. The dislocation density is 10.89 x
10'® m2 and 13.6 x 10'® m2 for the 0 ppm and 200 ppm SAC samples,
respectively. Grain boundary maps (Fig. 4(d, h)) differentiate high-angle
grain boundaries (HAGBs, black lines) from low-angle grain boundaries
(LAGB:s, red lines). According to the maps, the addition of SAC leads to
an increase in LAGBs from 7.6 % to 9.8 %, consistent with the observed
increase in dislocation density.

3.2. Mechanical properties

Fig. 5 presents the effect of SAC concentration on the mechanical
properties of electrodeposited copper foils. As shown in the tensile
stress—strain curves (Fig. 5(a)), the addition of SAC leads to an
enhancement in tensile strength compared to the SAC-free sample. The
tensile strength increases progressively with SAC concentration, reach-
ing a maximum at 200 ppm, with the tensile strengths at 50 ppm and
100 ppm SAC remaining comparable. Correspondingly, as summarized
in Fig. 5(b), the tensile strength rises from 548 MPa (0 ppm SAC) to a
peak of 617 MPa (200 ppm SAC), while the values for the copper foils
prepared with 50 ppm and 100 ppm SAC are 578 MPa and 580 MPa,
respectively. The addition of SAC slightly reduces the elongation of the
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Fig. 1. (a-d) Surface morphologies of copper foils prepared with varying concentrations of SAC: (a) 0 ppm, (b) 50 ppm, (c)100 ppm, (d) 200 ppm. (e) Variation of

surface roughness with SAC concentration.
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Fig. 2. (a-d) Cross-sectional SEM images showing the microstructures of copper foils prepared with varying concentrations of SAC: (a) 0 ppm, (b) 50 ppm, (c) 100

ppm, (d) 200 ppm. (e) Variation of average grain size with SAC concentration.
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Fig. 3. (a) XRD patterns and (b) texture coefficients of copper foils prepared with varying concentrations of SAC.

copper foils. The SAC-free sample exhibits the highest elongation,
reaching 4.2 %, while the SAC-prepared foils show comparable but
lower elongation values, all ranging around 3-3.5 %.

3.3. Electrical conductivity and thermal stability

Fig. 6 presents the electrical conductivity and resistivity of copper
foils prepared with different concentrations of SAC. The measurement
reveals that the conductivity decreases slightly from 59.07 MS/m (101.8
% IACS) to 55.84 MS/m (96.3 % IACS) as the SAC concentration in-
creases from O ppm to 200 ppm. Correspondingly, the resistivity in-
creases slightly from 1.69 pQ-cm to 1.79 pQ-cm over the same
concentration range. While the decrease in conductivity is observable,
its extent remains small; even at the highest SAC concentration exam-
ined (200 ppm), the foils retain >94 % of the conductivity of the foil
prepared without SAC, demonstrating that the electronic transport
properties of copper foils are scarcely affected by SAC.

Fig. 7 presents the tensile stress—strain curves of the annealed copper
foils, as well as the comparison of tensile strength between as-deposited

and annealed copper foils. As shown in Fig. 7(a), the tensile strength of
the annealed foils decreases progressively with increasing SAC concen-
tration, showing a slight decline from 513 MPa at 0 ppm SAC to 508 MPa
at 50 ppm, followed by a more pronounced reduction to 487 MPa at 100
ppm, and eventually to 464 MPa at 200 ppm. Notably, even under this
relatively severe annealing condition for 9 pm-thick copper foils, the
sample prepared with 200 ppm SAC still retains a comparatively high
tensile strength of 464 MPa. The comparison of tensile strength is pre-
sented in Fig. 7(b), showing that the heat treatment leads to a more
pronounced strength loss at higher SAC concentrations. This behavior
can be attributed to SAC-induced grain refinement, as smaller grain sizes
typically exhibit lower thermal stability.

4. Discussion

Through a combination of SEM, XRD, EBSD, and mechanical testing,
SAC is identified as an effective surface-smoothing agent and grain
refiner in the preparation of electrodeposited copper foil. Consequently,
the resulting copper foil exhibits markedly improved surface quality and
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Fig. 4. EBSD analysis of copper foils prepared with 0 ppm and 200 ppm SAC. (a, e) Inverse Pole Figures (IPF), (b, f) orientation maps, (c, g) Kernel Average
Misorientation (KAM) maps with dislocation density indicated, and (d, h) grain boundary maps showing the fractions of high-angle grain boundaries (HAGBs, black
lines) and low-angle grain boundaries (LAGBs, red lines). Top row (a-d): 0 ppm SAC; bottom row (e-h): 200 ppm SAC.
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mechanical strength. To uncover the fundamental reasons behind these
enhancements, the following section presents a detailed discussion of
SAC’s role in modulating surface morphology and strengthening the
copper foils. Particular emphasis is placed on the working mechanism of
SAC, which is regarded as the primary factor leading to the observed
enhancement in foil properties.

4.1. Electrochemical analysis and working mechanism of SAC

Fig. 8 shows the LSV curves obtained at various SAC concentrations.
At 0 ppm SAC, the curve distinctly exhibits the three typical kinetic
regions as the potential of the working electrode is swept in the negative
direction. Initially, from approximately —0.39 V (OCP) to —0.6 V, the
charge transfer (i.e., the reduction of cupric ions) is sluggish, indicating
a region where activation control dominates. As the potential becomes
more negative and the current density reaches its maximum, the process
becomes entirely diffusion-controlled (from around —0.8 V onwards),
with the transport of Cu* ions to the electrode surface being the rate-
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comparison between as-deposited and annealed copper foils prepared with varying SAC concentrations.
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limiting step. Between these two regions, from —0.6 V to —0.8 V, lies a
mixed control region where both charge transfer and mass transport
influence the overall rate.

With the addition of SAC, a distinct peak appears in the LSV curves
for all three SAC concentrations examined in this study. Notably, the
peak potential shifts positively with increasing SAC concentration, from
approximately —0.80 V at 50 ppm to -0.65 V at 200 ppm. When the
electrode potential is more negative than the peak potential, the
reduction reaction is only mildly suppressed across all concentrations,
with the degree of suppression gradually increasing as the potential
becomes more negative. However, beyond the peak, the electrode re-
action becomes significantly inhibited, and this inhibition intensifies
with higher SAC concentrations.

This peak is typically attributed to the onset of a diffusion-controlled
process; during this process, the charge transfer rate exceeds the mass
transport rate of free cupric ions, resulting in depletion of cupric ions
near the electrode surface. However, rather than reaching a plateau, the
current density continues to increase with further negative polarization.
This behavior, together with the pronounced suppression of the reduc-
tion reaction beyond the peak, implies a change in the composition of
the electroactive species. The most plausible explanation is the forma-
tion of cupric ion-SAC complexes, which shifts the nature of the reactive
species from predominantly free cupric ions to a mixture of free ions and
coordination complexes. Although the precise chemical structure of the

cupric ion-SAC complex under the specific electrochemical conditions
of copper electrodeposition has not yet been fully elucidated, the
interpretation of SAC acting as a complexing agent is in good agreement
with previous studies [45-47].

Prior to the diffusion peak, the rate of the electrode reaction is
largely unaffected, since mass transport can replenish free cupric ions at
a rate sufficient to sustain the cupric ion reduction reaction. However,
when the potential is more negative than the diffusion peak potential,
the consumption of free cupric ions outpaces their transport to the
electrode surface. Once the free cupric ions are largely depleted in the
vicinity of the electrode surface, the spaces once occupied by cupric ions
are dominated by the cupric ion-SAC complexes, leading to a significant
increase in the proportion of the complex in the reactant mixture. Since
the reduction of the Cupric ion-SAC complexes requires more energy
than that of free cupric ions, the post-peak region exhibits the observed
significant suppression in current. For clarity, the pre- and post-peak
regions of the 200 ppm SAC LSV curve are denoted as regions @ and
@ in Fig. 8.

As evidenced by the LSV results, the addition of SAC significantly
alters the electrochemical behavior of the system by complexing with
cupric ions. This interaction, under negative polarization, induces a
transition in the dominant electroactive species from free cupric ions to
a mixed population comprising free cupric ions and cupric ion-SAC
complexes, thereby increasing the overpotential required for reduction
and impeding the overall electrode reaction. The characteristic features
of the LSV curves—namely, the appearance of a diffusion peak, the post-
peak current suppression—are all consistent with this mechanistic
interpretation.

The above discussions are further validated and deepened by the EIS
results. The Nyquist plots for 0, 100, and 200 ppm SAC at working
electrode potentials of -0.55, -0.6, and —0.65 V are presented in Fig. 9(a-
i), while the equivalent circuits used for fitting the EIS data are shown in
Fig. 9(j). The equivalent circuits consist of constant phase elements
(CPE), resistors (R), and a Warburg element (W), with the corre-
sponding fitting parameters listed in Table 1. Specifically, Rg, Re, and Ry
represent the solution resistance, the resistance associated with cupric
ion reduction, and the resistance of another electrode process respon-
sible for the second capacitive loop with a larger time constant,
respectively. The capacitances corresponding to the cupric ion reduction
and the other electrode process are denoted as Cq; and Cy, respectively.
The Warburg resistance associated with diffusion is labeled as Ry,.

For the blank electrolyte (Fig. 9(a—c)), only a single capacitive loop is
observed, followed by a typical finite-length diffusion behavior (a
straight line transitioning into a loop) at all three working electrode
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Fig. 9. Nyquist plot for (a-c) O ppm, (d-f) 100 ppm, and (g-i) 200 ppm SAC at E= —0.55V, —0.6 V, and —0.65 V. (j) Equivalent circuits utilized to fit experimental

EIS: (A) for (a-d), (g); (B) for (e), (f), (h), and (i).

Table 1
Parameters used for EIS data fitting.
Working electrode potential SAC concentration R (Q) Re () Cq1 (uF) Ry () Cy (mF) Ry (Q)
-0.55V 0 ppm 2.92 5.58 7.36 — — 2.85
100 ppm 2.82 6.67 7.8 — - 3.28
200 ppm 2.7 6.84 12.28 — - 10.37
-0.6V 0 ppm 2.93 3.99 9.2 — — 3.32
100 ppm 2.9 5.02 9.8 3.64 385.52 -
200 ppm 2.86 10.37 11.38 55.5 228.91 —
-0.65V 0 ppm 2.85 3.21 11.96 — — 5.95
100 ppm 2.9 7.37 10.62 39.17 203.47 -
200 ppm 2.85 9.54 10.21 51.82 131.97 —

potentials. As summarized in Table 1, the resistance for cupric ion
reduction (R) progressively decreases from 5.58 Q at —-0.55 V to 3.21 Q
at —0.65 V as the working electrode potential becomes more negative,
reflecting the lowering of the activation energy barrier. In addition, the
Warburg resistance (R,y) increases from 2.85 Q to 5.95 Q over the same
potential range, indicating the increased demand on mass transport due
to enhanced cupric ion reduction rate.

When the SAC concentration is 100 ppm (Fig. 9(d-f)), the Nyquist
plot exhibits finite-length diffusion behavior only at —0.55 V. At higher
working electrode potentials (-0.6 V and -0.65 V), a well-defined
capacitive loop emerges at low frequencies. As the potential shifts
from -0.55 V to -0.6 V, the resistance of the first capacitive loop (R¢t)
decreases from 6.67 Q to 5.02 Q. Counterintuitively, R increases to
7.37 Q at -0.65 V, suggesting that the reactant for the first capacitive
loop is no longer solely cupric ions but a mixture of free cupric ions and
cupric ion-SAC complexes, with cupric ions remaining the predominant
reduced electroactive species. At —0.6 V, the resistance of the second
capacitive loop is only 3.64 Q, suggesting that the associated electrode
process does not arise from the reduction of either free cupric ions or the
reactant mixture. Rather, it is attributed to the adsorption of cupric ion-
SAC complexes onto the electrode surface, since the complexes have a
lower diffusion coefficient compared to free cupric ions. At -0.65 V, the

resistance associated with the second capacitive loop (Rz) reaches 39.17
Q, indicating a significant contribution of cupric ion-SAC complexes to
the electrochemical process. In other words, at —0.65 V, both capacitive
loops correspond to the reduction of the mixed reactants, with the sec-
ond loop involving a significantly higher proportion of cupric ion-SAC
complexes.

At 200 ppm SAC (Fig. 9(g-i)), the Nyquist plots show similar
behavior to those at 100 ppm. At —0.55 V, finite-length diffusion dom-
inates at low frequencies. However, at -0.6 V and -0.65 V, a large
capacitive loop appears at low frequencies, with resistances of 55.5 Q
and 51.82 Q, respectively, indicating an even greater proportion of
cupric ion-SAC complexes in the reduced reactant mixture, as expected
with the higher SAC concentration.

At -0.55 V, the resistance of the first capacitive loop R slightly in-
creases from 5.58 Q at 0 ppm SAC to 6.84 Q at 200 ppm SAC. This trend
reflects the transition of the reduced reactant from pure cupric ions to a
mixture containing a growing but still negligibly small proportion of
cupric ion-SAC complexes. The slight increase in Rt with SAC concen-
tration aligns with the minor inhibition observed before the diffusion
peak in the LSV curves. Additionally, it is noteworthy that the Warburg
resistance (R,,) rises from 2.85 Q at 0 ppm SAC to 10.37 Q at 200 ppm
SAC at —-0.55 V, further confirming the formation of complexes between
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cupric ions and SAC molecules.

The electrochemical analyses collectively point to a mechanistic
framework in which the inhibitory effect of SAC arises from its ability to
form complexes with cupric ions, thereby altering the composition of
electroactive species in the vicinity of the electrode surface. This effect is
distinctly potential-dependent. At potentials more positive than a crit-
ical value, the reduction predominantly involves free cupric ions, and
the presence of SAC exerts minimal influence. However, at potentials
more negative than the critical value, the consumption of free cupric
ions surpasses their diffusion replenishment, leading to a significant
increase in the proportion of cupric ion-SAC complexes among the
reduced electroactive species. As a result, the electrodeposition process
is markedly hindered due to a more negative reduction potential
required for the complexes. It should be noted that the critical potential
is concentration-dependent, with higher SAC concentrations shifting the
critical potential toward more positive values, whereas lower concen-
trations produce the opposite effect. Fig. 10 illustrates the composition
of the electroactive species at the cathode surface at electrodeposition
potentials both more positive and more negative than the critical po-
tential with SAC as the electrodeposition additive. It should be empha-
sized that the elucidated working mechanism is not only applicable to
SAC but also extends to a wide range of complexing agents commonly
employed in electrodeposition.

4.2. Regulatory effect of SAC on nucleation mechanism and surface
morphology

The coarse cauliflower-like agglomerates observed in Fig. 1(a) are
characteristic of uncontrolled three-dimensional growth, which typi-
cally arises from locally elevated current densities at the cathode sur-
face. Such morphological features reflect the presence of
inhomogeneous electric fields and uneven surface energy distribution,
leading to preferential nucleation and accelerated growth at certain
surface features such as protruding or defect-rich sites. Additionally, the
pronounced heterogeneity in crystallite size further suggests a nonuni-
form distribution of active sites for nucleation. These phenomena dis-
cussed above are likely due to the absence of adsorption-mediated
regulation on the electrode surface properties during the electrodepo-
sition process.

Upon the introduction of SAC, a marked enhancement in surface
morphology uniformity is observed. This can be attributed to the for-
mation of cupric ion-SAC complexes in the electrolyte, which exhibit a
preferential adsorption behavior on high-energy regions of the cathode
surface, such as protrusions, step edges, or defect sites. The selective
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adsorption of these complexes acts to homogenize the electrochemical
activity across the substrate surface, effectively equalizing the avail-
ability of active nucleation sites. This redistribution of surface reactivity
leads to the suppression of localized current density spikes, thereby
mitigating the development of cauliflower-like agglomerates and pro-
moting a more uniform grain size distribution. Furthermore, the for-
mation of cupric ion-SAC complexes increase the electrodeposition
overpotential, which in turn promotes a higher nucleation rate, thereby
leading to a refinement in crystallite size.

According to [48], the work of formation of a critical nucleus with a
specific geometry and crystallographic texture is closely related to the
overpotential. When the work of formation of certain texture is lower
than that of others, the electrodeposits tend to develop that texture. In
the case of electrodeposited copper foils, it is thus reasonable to infer
that under electrodeposition conditions modified by the addition of SAC,
particularly changes in overpotential, the (220)-oriented nuclei attain
their critical size with the lowest formation energy. Consequently, the
presence of SAC promotes the development of the (220) texture.

4.3. Formation mechanism of the tower-shaped crystallites

With the addition of SAC, tower-shaped crystallites begin to emerge
on the surface of the copper foils. These crystallites are not densely
distributed across the surface, which can be attributed to the progressive
nucleation mechanism. Under this mechanism, the majority of nuclei
grow and coalesce, forming larger grains or crystallite clusters. More-
over, it is common for new nuclei to emerge on the surface of growing
ones, further promoting merging. As a result, only those nuclei that form
in relatively isolated regions, free from interference by neighboring or
newly forming nuclei, are able to develop fully into the characteristic
tower-like geometry. Consequently, the tower-shaped crystallites
appear sparsely across the copper surface. Notably, such crystallites are
observed only after the introduction of SAC as an electrodeposition
additive, indicating that SAC plays a critical role in promoting their
formation. The following section will elaborate on the underlying for-
mation mechanism of these tower-shaped nuclei.

The tower-shaped nucleus can be divided into two structural com-
ponents: the tower body and the tower tip, as shown in Fig. 11. The
tower tip (Fig. 11(a)) exhibits the morphology of a flattened hexagonal
pyramid. Given that SAC promotes the development of a (220) texture,
the basal face of this hexagonal pyramid is identified as the (220)
crystallographic plane. Based on the geometry illustrated in Fig. 11(b),
the remaining exposed facets of the pyramid can be crystallographically
determined. Regarding the formation mechanism of the tower tip,
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Fig. 10. Composition of electroactive species at the cathode surface at electrodeposition potentials (a) more positive and (b) more negative than the critical potential

with SAC as the electrodeposition additive.
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Fig. 11. (a) SEM image of the tip of a tower-shaped crystallite; (b) schematic illustration showing the crystallographic orientation of the exposed facets of the tower
tip; (c) SEM image of a tower-shaped crystallite with an incompletely developed tip; (d) proposed formation mechanism of tower-shaped crystallites.

Fig. 11(c) clearly reveals an incompletely formed tower tip, which re-
sults from the diffusion of copper atoms toward the center. In this case,
diffusion ceased before the migrating atoms fully converged at the
center, leaving the tip formation incomplete.

The tower body exhibits the geometry of a hexagonal frustum that is
constructed through the vertical stacking of flattened hexagonal prism
nuclei. The crystallographic planes corresponding to the surfaces of
these prism nuclei are identified as presented in Fig. 11(d®). SAC pro-
motes the formation of such flattened hexagonal prism nuclei, which
primarily grow laterally, indicating a two-dimensional growth mode. As
growth proceeds, newly formed prism nuclei nucleate on the top surface
of existing ones (Fig. 11(d®)) and expand in a similar lateral fashion.
Through repeated nucleation and vertical stacking of these prism nuclei,
the hexagonal frustum-shaped tower body develops. This formation of
the tower body is followed by surface atom diffusion, which promotes
the growth of the tower tip; together, these two processes ultimately
give rise to the formation of tower-shaped crystallites.

4.4. SAC-induced improvement in copper foil strength

The evolution of mechanical strength in the copper foils is closely
correlated with their microstructural characteristics, as revealed by the
SEM and EBSD analyses. As shown in the cross-sectional SEM images
(Fig. 2(a—d)), increasing the concentration of SAC results in a progres-
sive refinement of the grain structure, with grains becoming smaller and
more equiaxed. This refinement leads to a higher density of grain
boundaries, which act as barriers to dislocation motion and thereby
enhance the material’s strength through the grain boundary strength-
ening mechanism [49,50].

Moreover, the EBSD-derived Kernel Average Misorientation (KAM)
maps (Fig. 5(c, g)) reveal an increase in dislocation density with rising
SAC concentration, thereby contributing to the enhancement of the
mechanical strength of the copper foils [51,52]. In addition, the
enhancement of the (110) texture further promotes strength improve-
ment, as its Schmid factor for dislocation activation is lower than that of
other orientations (e.g., (100) and (111)), implying a higher yield
strength under tensile loading.

5. Conclusion

The application of SAC as an electrodeposition additive presents a
promising strategy for enhancing the quality of electrodeposited copper
foils. Its incorporation markedly refines the surface morphology and
grain structure, resulting in enhanced surface quality and microstruc-
tural uniformity. In parallel, elevated SAC concentrations promote the
development of (220) crystallographic texture and lead to a higher
dislocation density. Mechanically, SAC contributes to a notable
improvement in the tensile strength of electrodeposited copper foils,
reaching up to 617 MPa at 200 ppm SAC. Electrochemical analyses
reveal that SAC interacts with cupric ions through complexation,
modifying the reduction kinetics and increasing the overpotential
required for electrodeposition. Furthermore, SAC, as an electrodeposi-
tion additive, exhibits a potential-dependent behavior that originates
from the dynamic interplay between the consumption and transport of
cupric ions during electrodeposition. These mechanistic insights,
together with SAC’s modulating effect on copper foil properties, un-
derscore its strong potential for advancing the quality and reliability of
electrodeposited copper foils in practical electrodeposition processes.
Further investigations will focus on combining SAC with surface-
adsorbing additives to further enhance the performance of electro-
deposited copper foils.
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