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Abstract: Copper foil, recognized for its excellent electrical conductivity, malleability, and corrosion resistance, is widely 
used in various applications, notably in lithium-ion batteries and printed circuit boards. However, decomposition products from 
organic additives often decrease its electrical performance. This study introduces ultrafine anode scanning electrodeposition 
(UAS-ECD), a new method that firms copper foils without organic additives. Increased scanning speed enhances the diffusion 
of copper ions and reduces concentration polarization but also loosens the deposition layer, decreasing the tensile strength and 
surface quality of the copper foil. Increased current density leads to decreased surface quality, finer grain size, and increased 
tensile strength. Experimental results indicate that utilizing the concentrated current density and the significant local 
overpotential characteristics of line anode ultrafine anode scanning electroplating can prepare high-purity copper foil, 
approximating the performance of high-performance electroplated copper without additives. 
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1. Introduction 
Copper foil, a fundamental material in the modern 

electronics industry, has seen increasing demand thanks to the 
flourishing development of the sector [1-6]. Lithium-ion 
copper foil is mainly used in lithium-ion batteries as the 
current collector. Thinner and lighter copper foil reduces the 
weight of lithium-ion batteries, increasing their energy 
density[7]; Higher tensile strength and improved corrosion 
resistance enhance the cycling performance of lithium-ion 
batteries. Lower roughness reduces the internal resistance of 
lithium-ion batteries, enhances coulombic efficiency, and 
improves the safety of lithium-ion batteries by reducing the 
risk of puncture[8,9]. As the demand for lighter, thinner, 
denser, and safer lithium-ion batteries increases in the electric 
vehicle industry, there is greater emphasis on the 
requirements for lithium-ion copper foil thickness, tensile 
strength, and surface roughness. This demand has increased 
the need for high-end copper foil products[10,11]. 

The predominant method for preparing lithium-ion copper 
foil is currently the rod-to-roller electroplating process, noted 
for its simple manufacturing process and high production 
efficiency. Adding trace additives to the electrolyte is the most 
effective method for controlling the performance of 
electrolytic copper foil[12-15]. In the electrodeposition 
process, additives do not simply add up; they interact 
synergistically, compete, and collectively influence the 
outcome[16-18]. However, introducing additives inevitably 
introduces impurity elements into the electrodeposited metal 
layer[19]. Moreover, in the electrodeposition process for 
preparing lithium-ion copper foil, the extremely high current 
density (≥ 40 A/dm²) causes organic additives to decompose. 
The decomposition products are difficult to remove, and their 
residues can lead to defects like wrinkling, band breakage, 
orange peel, blistering, and pinholes in the copper foil[20-
22].Furthermore, balancing multiple additives is necessary to 
enhance the performance of copper foil while avoiding 

adverse effects[23]. This partially increases the maintenance 
cost of the electrolyte system for the electrodeposition process 
used in lithium-ion copper foil[24]. 

Therefore, to ensure the purity and performance of copper 
foil while avoiding the negative impact of additives, a new 
electrodeposition method is needed[25,26]. The Ultrafine 
Anode Scanning Electrodeposition (UAS-ECD) technique is 
a novel method proposed by the author's team in recent years, 
distinguished by its unique operational approach. This 
technique focuses the current on the ultrafine anode surface 
to achieve ultra-high overpotential, promoting crystal nuclei 
formation and resulting in finer crystallization[27]. Therefore, 
ultrafine anode scanning electrodeposition technology can 
replace the grain refinement effect of additives in traditional 
electrolytic copper foil preparation methods. This enables the 
production of ultra-fine grain copper foil without additives. 
Additionally, process efficiency can be improved by 
arranging the ultrafine anodes in an array. This study offers a 
new approach for preparing high-performance copper strips. 

2. Experimental 

2.1. Materials and Methods 
Fig 1 shows the theoretical model of the ultrafine anode 

scanning electrodeposition technology. A thin inert anode is 
embedded into a rigid stirring paddle exposing only a fine 
ultrafine area (thickness or diameter, d ≤ 50 μm). After 
polishing to a smooth finish, the anode and the stirring paddle 
form an ultrafine anode-stirring paddle assembly. This 
assembly is then placed close to the cathode surface for linear 
reciprocating scanning movements. 

Unlike traditional surface area electrodeposition methods, 
the ultrafine anode scanning electrodeposition technology 
uses a small anode area, so the applied voltage/current is 
highly concentrated on the ultrafine anode surface. 
Additionally, due to the small working gap, the 
voltage/current radiates to the cathode surface. The radiated 
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region’s area is related to the size of the working gap. In 
ultrafine anode scanning electrodeposition, the metal 
forming mechanism significantly differs from traditional 
electrodeposition methods. On one hand, ultrafine anode 
scanning electrodeposition exhibits highly concentrated 
voltage/current. The continuous anode movement results in 
different mass transfer effects. Therefore, under such 
circumstances, the electrolyte composition and core process 

parameters need to be re-matched to ensure ultra-high current 
density during processing for grain refinement. Additionally, 
the goal is to reduce grain growth time, achieving ultra-fain 
grain copper foil preparation. Therefore, this paper focuses 
on studying the effects of core process parameters on the 
surface quality, microstructure, and mechanical properties of 
copper foil, and optimizing the process conditions. 

 
Figure 1. Schematic diagram of UAS-ECD:(a) Schematic drawings of UAS-ECD, (b)Mechanism diagram of UAS-ECD, (c)Picture of UAS-

ECD device 
 
Figure 1 shows the ultrafine anode scanning 

electrodeposition system used in the experiment The 
experimental system includes a three-dimensional motion 
platform, solution tank, filter, magnetic pump, moving slide 
table, stirring paddle, ultrafine anode, precision power supply, 
and computer. During the electrodeposition process, the 
electrolyte circulates through a magnetic pump, passes 
through a filter, and then re-enters the solution tank, ensuring 
electrolyte circulation and renewal. The solution level in the 
tank is controlled by an overflow mode, and the flow rate is 
adjusted by regulating valves. This mode ensures prompt 
renewal of the solution at the processing site. The solution 
level in the tank is controlled by an overflow mode, and the 
flow rate of the solution is adjusted by regulating valves. This 
mode ensures prompt renewal of the solution at the 
processing site. The three-dimensional motion platform 
enables the reciprocating movement of the anode, adjusting 
its position relative to the cathode to maintain the working 
gap. Additionally, a slide table device ensures that the 
ultrafine anode and cathode surfaces are parallel and enables 
finer and more precise control of the working gap. 

The anode material is a platinum sheet with 99.99% purity, 
measuring 100 mm in length, 10 mm in width, and 50 μm in 
thickness. It is embedded in acrylic, exposing an ultrafine 
anode of 100 mm in length and 50 μm in thickness, which is 
polished to a smooth finish. High-purity titanium is used as 
the cathode, with a conductive area of 40 mm × 40 mm. The 
conductive area of the anode is 40 mm in length, with a 
scanning stroke of 40 mm. The working gap is 500 μm. 

Before electrodeposition, the cathode with the exposed 
square deposition area was fixed face-up in the solution tank. 
The anode was positioned so that its lower surface was 
parallel to the upper surface of the cathode. The anode-stirrer 
assembly was then adjusted to maintain a 500-micron 
processing gap between the lower surface of the anode and 
the upper surface of the cathode. The scanning stroke of the 
moving platform was adjusted so that the anode's motion path 
matched the width of the cathode's deposition area, with the 
anode's linear motion endpoint aligned with the two edges of 
the square deposition area. The rectangular path formed by 
the anode's scanning motion was parallel to and directly 
above the cathode area. 

The electrolyte is a sulfate electrodeposition solution 
system, with good solution stability. Additionally, its simple 
composition facilitates analysis and control, with fewer 
operational constraints. Since the anode is an inert and 
insoluble, it cannot replenish the consumed copper ions 
during the electrodeposition process. Therefore, the solution 
must be sufficiently abundant to minimize the impact of metal 
ion depletion on the electrodeposition process. Additionally, 
by monitoring the coulombs consumed, copper sulfate is 
promptly added to maintain the main salt concentration and 
avoid experimental interference. The specific electrolyte 
composition is copper sulfate (CuSO4) 290 g/L (provided by 
Tianjin Kermio Chemical Reagent Co., Ltd.) and sulfuric acid 
(H2SO4) 60 g/L (provided by Tianjin Kermio Chemical 
Reagent Co., Ltd.). Electrolyte circulation is performed for 
10-15 minutes before electrodeposition. During the 
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electrodeposition process, the temperature is maintained at 
25±0.5°C. The thickness is controlled by electrodeposition 
time calculated using Faraday's law of electrolysis. 

During the single-factor experiment on scanning speed, the 
inter-electrode current was kept constant at 0.32 A. During the 
single-factor experiment on inter-electrode current, the 
scanning speed was kept constant at 10 mm/s. 

 
Table 1. Electrolyte composition 

Ingredient Content 

CuSO4﹒5H2O (g/L) 290 

H2SO4 (g/L) 60 
 

Table 2. Experimental parameters 
Process parameters The numerical

Inter-electrode currents (i, A) 0.1,0.2,0.3,0.4,0.5
Scanning speeds (V, mm/s) 1,5,10,15,20

working gap (D, um) 500
temperature (°C) 25±0.5°

2.2. Analysis and Testing Methods 
The macroscopic morphology of the copper foil was 

observed using an automated image measuring instrument 
(AM600). The microscopic morphology was examined with 
a scanning electron microscope (Merlin Compact). Surface 
roughness was measured using a laser confocal microscope 
(OLS5100). Before observation, the surface was cleaned with 
a 5% sulfuric acid solution to remove the oxide layer, then 
rinsed with deionized water and air-dried at room temperature. 
Crystal orientation analysis was performed using a rotating 
anode X-ray diffractometer (Smart Lab) with Cu Kα radiation, 
wavelength λ=0.152 nm, grazing incidence angle of 2°, 
scanning speed of 10°/min, and a scanning range of 35° to 85°. 
The texture coefficient (TC) characterized the preferred 
orientation of crystal planes in different samples. 

ܥܶ ൌ
଴ሺ݄݈݇ሻܫ/ሺ௛௞௟ሻܫ

∑  ௡
௜ୀଵ ଴ሺ௛௞௟ሻܫ/ሺ௛௞௟ሻܫ

ൈ 100% 

In the formula: ܫ(ℎ݈݇) represents the diffraction intensity of 
the crystal plane of the sample, ₀ܫ(ℎ݈݇) represents the 
diffraction intensity of the crystal plane of the standard 
sample, and ݊ is the total number of crystal planes studied. 
The Scherrer formula was used to calculate the grain size. 

ܦ ൌ
ߛܭ

	cosܤ ߠ
 

In the formula, ܭ is the Scherrer constant, ߛ is the X-ray 
wavelength, ܤ is the full width at half maximum of the 
diffraction peak of the sample, and ߠ is the Bragg diffraction 
angle.  

Dumbbell-shaped tensile specimens were prepared using a 
manual hydraulic punch machine (YL-15 type). The tensile 
strength of the copper foil was tested using an electronic 
universal testing machine (WDW-05+). The tensile test was 
conducted according to the standard GB/T228.1-2010 
"Metallic Materials - Tensile Testing at Ambient 
Temperature" with a tensile speed of 0.5 mm/s. The tensile 
strength (σ) was calculated using the following formula: 

ߪ ൌ
௕ܨ
ܵ଴

 

Where ܾܨ is the peak force at the fracture of the specimen, 
and ܵ0 is the original cross-sectional area of the specimen. 

3. Results and Discussion. 

3.1. Surface Quality 
Surface morphology observations and roughness 

measurements of the deposited layer at different scanning 
speeds in Figure 2 (a-f) show that at a scanning speed of 1 
mm/s, the surface roughness is 0.575 μm. However, numerous 
micro-columns, nodules, and pits present on the surface of the 
deposited layer. At a scanning speed of 2 mm/s, although there 
are no obvious pits on the copper foil surface, the surface 
texture is relatively loose, with a surface roughness of 0.682 
μm. As the scanning speed increases to 10 mm/s, the crystals 
on the copper foil surface become smaller, but the bonding of 
the deposited layer becomes looser, resulting in a surface 
roughness of 0.745 μm. Furthermore, at a scanning speed of 
20 mm/s, the unevenness of the copper foil surface increases, 
with uneven crystal distribution, resulting in a surface 
roughness of 1.256 μm. 

The scanning speed significantly impacts the surface 
morphology of the copper foil. At low scanning speeds 
resulting in a longer residence time of the anode in the 
electroplating area. Consequently, the same area receives 
current for a longer duration. However, the agitation effect at 
low speeds is poor, meaning the copper ion concentration in 
the cathode area cannot meet long-term electroplating 
requirements, resulting in significant concentration 
polarization and vigorous hydrogen evolution. Additionally, 
due to the smaller working gap and slower stirring speed, 
electrolyte agitation on the electrolytic surface is weak, 
causing bubbles to accumulate on the electrode surface, These 
bubbles are difficult to remove and tend to adsorb on the 
cathode surface, hindering copper deposition. Furthermore, 
bubbles generated by the anodic oxygen evolution reaction 
accumulate between the two electrodes, causing more pits on 
the copper foil surface and a rough deposition layer. As the 
scanning speed increases, the anode's residence time in the 
electroplating area decreases, and the stirrer's agitation of the 
electrolyte on the cathode surface strengthens, leading to 
better mass transfer and reduced concentration polarization. 
Additionally, the stirrer's agitation of the electrolyte reduces 
bubble accumulation on the electrode surface, minimizing 
their impact on the electroplating process and resulting in a 
denser copper deposition layer. As the scanning speed further 
increases, although the mass transfer effect improves, the 
anode's residence time in the electroplating area decreases 
further, causing some areas of the cathode surface to have 
insufficient time for copper ion deposition. Microscopically, 
this uneven crystal distribution is observed on the 
electroplated copper layer's surface. 

Figures 2 (g-l) illustrate the surface morphology and 
roughness of the deposited layer at different current densities. 
The figures show that as the current density increases, the 
quality of the deposited layer gradually deteriorates. The 
surface roughness of the deposited layer increases from 0.472 
μm at 0.1 A to 2.145 μm at 0.5 A, with a gradual increase in 
circular pits. During the electrodeposition process, the 
cathode surface undergoes not only the reduction of metal 
ions to metal atoms (the main reaction), but also the reduction 
of hydrogen ions to evolve hydrogen gas (the side reaction). 
The increase in current density accelerates the consumption 
of metal atoms on the cathode surface, resulting in insufficient 
local supply of metal ions and exacerbating concentration  
polarization. This intensifies the hydrogen evolution side 
reaction of the electrodeposition process. Excessive hydrogen 
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evolution can lead to voids in the deposited layer formed by 
hydrogen gas bubbles, or the temporary adhesion of hydrogen 
gas on the cathode surface without timely expulsion. At this 
point, hydrogen gas bubbles hinder the subsequent 
electrodeposition process, forming circular pits on the 
deposited layer's surface. Additionally, the surface 
morphology of the deposited layer is influenced by local 
current density. The small processing gap results in a 
significant increase in local current density with increasing 
current from the power source. As a result, grain growth 
accelerates in a specific direction, ultimately leading to the 
formation of a rough surface on the deposited layer. 

 

 
Figure 2. Macroscopic morphology and surface roughness of 

deposition layers 
 
Yan Xiao et al. studied the effects of 3,3’-Dithiobis-1-

propanesulfonic acid disodium salt (SPS), gelatin, and 
sodium thiazoline dithiopropane sulfonate (SH110) on the 
morphology, roughness, and peel strength of HVLP copper 
foil [28]. The results showed that gelatin was the most 
effective in reducing the surface roughness of copper foil, but 
the optimal surface roughness was still 1.58 μm, significantly 
higher than the 0.472 μm achieved in this study. This indicates 
that this method can significantly improve the surface quality 
of copper foil without the use of additives. 

Figure 3 (a-e) shows the surface microstructure of the 
copper foil deposited at different scanning speeds. The 
surface microstructure of the deposited layer does not change 
significantly at different scanning speeds. 

However, in terms of grain size, at the same inter-electrode 
current, the scanning speed affects the copper foil's 
processing effect by influencing the metal 
electrocrystallization process during deposition. During 
electrodeposition, metal ions move through the electrolyte to 
the cathode surface and reduce to metal atoms. Newly 
adsorbed metal atoms exhibit two behaviors as they diffuse 
along the electrode surface: (1) they diffuse into the existing 
metal lattice, and (2) they aggregate with other newly formed 
atoms to create and grow nuclei. These concurrent behaviors 
ultimately form crystals. The rates of these concurrent 
behaviors determine the grain size of the electroplated layer. 
If the nucleation rate of metal atoms is fast and the nuclei 

growth rate is slow during electrodeposition, many small 
grains will form. Conversely, if the nucleation rate is slow and 
the nuclei growth rate is fast, larger grains will form. The 
faster the scanning speed, the smaller the grain size of the 
nickel deposition layer. This is because higher current density 
at faster scanning speeds promotes the formation of new 
nuclei, while the increased speed hinders the growth of these 
nuclei. Therefore, faster scanning speeds result in smaller 
grain sizes. 

 

 
Figure 3. SEM images and grain size of deposition layers at 

different output currents and scanning speeds 
 
Figures 3 (g-k) show the microsurface morphology of 

copper foil under different inter-electrode currents. When the 
inter-electrode current is 0.1 A, a pyramid-like structure forms 
on the copper foil surface, and appears relatively sharp. As the 
inter-electrode current increases from 0.1 A to 0.2 A, the 
pyramid-like structures on the surface decrease in number and 
size but still exist. Further increasing the inter-electrode 
current to 0.3 A gradually diminishes these structures, with 
the sharp peaks becoming smoother, and the surface structure 
tending towards a spherical shape. When the inter-electrode 
current further increases to 0.5 A, the pyramid-like structures 
on the copper foil surface completely disappear, transitioning 
into numerous cluster structures. At relatively low inter-
electrode currents, the mass transfer effect at this current 
density is sufficient to support the electrodeposition process. 
Additionally, due to the low inter-electrode current, the 
overpotential on the cathode surface is small, providing less 
driving force for the electrode process. Consequently, the 
electrocrystallization process of the metal mostly occurs 
through screw dislocation growth, leading to the formation of 
pyramid-like shapes on the copper foil surface. As the inter-
electrode current increases, the cathodic overpotential 
increases, providing greater driving force for the electrode 
process. The metal electrocrystallization process then occurs 
mainly through nucleation. Additionally, due to the higher 
current density on the cathode surface, metal crystallization 
occurs rapidly, resulting in insufficient copper ions on the 
cathode surface, which enhances concentration polarization. 
The hydrogen evolution reaction intensifies, forming 
numerous spherical particles on the cathode surface. Over 
time, these small particles connect, forming cluster structures. 
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Additionlly, the adsorption of tiny hydrogen bubbles on the 
cathode surface results in the presence of voids between 
clusters and on the surface. 

Figure 3(l) shows that as the current increases, the grain 
size of the copper foil continuously decreases. With the 
gradual increase in output current, the grain size of the 
deposited layer gradually decreases. The grain size of the 
deposited layer decreases from 171.1 nm at 0.1 A to 57.3 nm 
at 0.5 A. This is because as the current increases, the current 
density also increases, raising the cathodic overpotential and 
resulting in smaller grain sizes. Figure 3(f) shows that as the 
scanning speed increases, the grain size decreases. When the 
scanning speed increases from 1 mm/s to 10 mm/s, the grain 
size decreases from 279.1 nm to 93.3 nm. As the ultrafine 

anode continuously moves, a slower speed means it stays 
longer on a unit length of the area, ensuring sufficient energy 
supply. This allows crystals to sustain growth, resulting in 
larger grain sizes. Conversely, a faster scanning speed 
shortens the stay time on a unit area, leading to shorter crystal 
growth time and smaller grain sizes [29]. During the 
electrodeposition process, faster scanning speeds result in 
smaller grain sizes of the deposited layer. This is because at 
higher scanning speeds, the excessively high current density 
of the ultrafine anode promotes the formation of new crystal 
nuclei, and the increased speed hinders their growth. 
Consequently, faster scanning speeds lead to smaller grain 
sizes. This principle aligns with the fundamentals of ultrafine 
anode scanning electroplating. 

 

 
Figure 4. Tensile strength of deposition layers at different output currents and scanning speeds and comparison with conventional methods 

[31] 
 

3.2. Mechanical Properties 
Figure 4(a) shows that at an inter-electrode current of 0.1 

A, the tensile strength of the copper foil is lowest at 103 MPa, 
with poor ductility. As the inter-electrode current increases, 
the tensile strength of the copper foil increases, and its 
ductility improves. At 0.4 A, the tensile strength reaches 274 
MPa, and its ductility is optimal. However, as the inter-
electrode current increases to 0.5 A, the tensile strength 
begins to decrease, and ductility worsens. When the inter-
electrode current rise to 0.6 A, the tensile strength increases 
again, but ductility further deteriorates. 

When the inter-electrode current is low and the anode in the 
wire scanning electrodeposition constantly moves, the current 
at the electrodeposition position is small and transient, 
resulting in low overpotential on the cathode surface. The 
nuclei formed during the electrocrystallization process cannot 
exist stably and dissolve back into the solution, resulting in a 
slow deposition rate. Additionally, influenced by the 
characteristics of wire scanning electrodeposition, the 
deposited layer consists of multiple micro-metal layers/bands 
connected. The current density is low, results in a slow 
deposition rate and poor connection accuracy between each 
micro-metal layer/band, leading to a relatively loose texture . 
Consequently, the tensile strength and ductility are low. As the 
inter-electrode current increases, sufficient energy is invested 
in the electrodeposition process. The nuclei can exist stably, 
and there is enough energy to support grain growth. Hence, 
the deposition rate increases, the connection accuracy 
improves, and the copper foil becomes denser. Consequently, 
the tensile strength and ductility increase. When the inter-
electrode current further increases, the cathode surface 
current density rises. At this point, mass transfer cannot 
provide sufficient copper ion deposition, leading to severe 
hydrogen evolution. Clustering structures appear on the 
copper foil surface, making the texture porous. Consequently, 

the tensile strength decreases again, and the ductility worsens. 
As the inter-electrode current continues to increase, 
exceeding the threshold within this gap, more charring 
appears on the copper foil surface. The increased charring 
causes the copper foil to become brittle. Therefore, this 
explains why the tensile strength of the copper foil initially 
increases, then decreases, and then increases again with the 
rise in inter-electrode current [30]. 

Figure 4(b) shows that when the scanning speed is 0.5 
mm/s, the tensile strength of the copper foil is maximum at 
275 MPa, but the elongation at break is relatively low. As the 
scanning speed increases, the tensile strength of the copper 
foil gradually decreases, while the elongation at break 
increases. When the scanning speed is 20 mm/s, the tensile 
strength is 250 MPa, representing the best balance of 
properties. However, with a further increase in scanning 
speed, the tensile strength slightly decreases to 240 MPa, 
accompanied by a decrease in elongation at break. 

The tensile strength of the deposited layer at different 
scanning speeds is generally high (≥240 MPa) due to the high 
inter-electrode current used during the single-factor 
experiment for scanning speed. The high current increased the 
cathodic overpotential, refining the grains and resulting in 
higher tensile strength of the copper foil. On one hand, the 
increased scanning speed causes some nuclei to dissolve back 
into the solution due to insufficient energy supply, changing 
the deposition method from dense layered stacking to loose 
bulk accumulation. This looseness leads to decreased tensile 
strength. On the other hand, the increased scanning speed 
hinders grain growth, positively affecting grain refinement. 
Smaller grain size increases the tensile strength of the 
deposited layer. Combining these effects, the final tensile 
strength of the deposited layer shows a decreasing trend with 
increasing scanning speed. 

Figure 4(c) compares the tensile strength of the copper foil 
deposited in this study under optimized parameters with 
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results from other studies. Y. Sun, J. Pan, and L. Liu prepared 
copper foil using conventional deposition methods with 
organic additives BSI, SPS, and HEC, achieving a tensile 

strength slightly higher than that in this study. However, the 
use of organic additives in their process reduced the copper 
foil's purity [31]. 

 

 
Figure 5. Crystallographic orientation of deposition layers at different output currents and scanning speeds 

 

3.3. Microstructural Organization 
Figure 5 (a, b) shows the grain orientation of the deposited 

layer at different scanning speeds. At a scanning speed of 1 
mm/s, the preferred orientation is the (111) plane, with TC(111) 
being 73.87%. When the scanning speed increases to 10 mm/s, 
the preferred orientation of the copper foil changes from the 
(111) crystal plane to the (220) crystal plane. TC(220) is 
78.35%, and the orientations of the (111) and (200) crystal 
planes are approximately equal, with TC(111) and TC(200) 
being 11.63% and 10.02%, respectively. 

Figure 5 (c, d) shows the grain orientation of the deposited 
layer at different current densities. At an inter-electrode current 
of 0.1 A, the copper foil exhibits a preferred orientation with 
the (220) plane. The texture coefficient TC(220) is 92.7%, 
while the orientations of the (111) and (200) planes are not 
prominent, with TC(111) and TC(200) being 2.26% and 5.04%, 
respectively. With the inter-electrode current increasing to 0.3 
A, the copper foil still exhibits a preferred orientation with the 
(220) crystal plane, the proportion has relatively decreased, 
with TC(220) being 78.35%. The orientations of the (111) and 
(200) planes are approximately equal, with TC(111) and 
TC(200) being 11.63% and 10.02%, respectively. With the 
inter-electrode current further increasing to 0.5 A, the preferred 
orientation of the copper foil shifts from the (220) crystal plane 
to the (111) crystal plane. However, the difference between the 
two orientations is not significant, with TC(111) and TC(200) 

being 42.22% and 36.30% respectively. 
According to electrodeposition nucleation theory, the 

nucleation rate is inversely proportional to the energy 
required for nucleation. Copper has a face-centered cubic 
structure, and the nucleation energy of the (220) crystal plane 
is lower than that of the (111) plane. When the scanning speed 
is slow, the anode stays in the same area as the cathode for a 
longer time, allowing the cathode to receive energy for a 
longer duration. The (111) crystal plane has good symmetry 
and relatively stable structure, consuming energy during the 
electrocrystallization process by forming (111) planes. As the 
scanning speed increases, the anode spends less time in the 
same area as the cathode, resulting in less energy being 
received there. Therefore, the deposition mainly occurs on the 
(220) plane. Further increasing the anode speed enhances the 
prominence of the (220) crystal plane orientation[31]. 

4. Conclusion 
This study presents a novel ultrafine anode scanning 

electrodeposition method to prepare high-performance fine-
grained copper foil without additives. The main processing 
parameters were experimentally investigated for their effects 
on the grain size, tensile strength, and surface roughness of 
the deposited layer, along with an analysis of their operating 
principles. The results indicate that as the scanning speed 
increases, the tensile strength of the deposited layer decreases, 
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with increasing current, the tensile strength of the deposited 
layer increases. At an output current of 0.6A and a scanning 
speed of 10 mm/s, copper foil with a tensile strength of 309 
MPa was prepared. As the scanning speed and current 
increase, the surface roughness of the deposited layer 
increases. The surface roughness of the copper foil prepared 
under the conditions of a current of 0.1 A and a scanning 
speed of 10 mm/s is 0.472 μm. Experimental results 
demonstrate that this method can achieve surface roughness 
and tensile strength levels comparable to conventional 
electrodeposition methods with additive assistance, under 
conditions of no additive assistance. Further analysis reveals 
that as the scanning speed and current increase, the grain size 
of the deposited layer gradually decreases. At a current of 0.5 
A and a scanning speed of 10 mm/s, copper foil with an 
average grain size of 57.3 nm was prepared. This explains the 
improvement in mechanical properties of the deposited layer. 
Therefore, utilizing this technique enables the preparation of 
high-performance fine-grained copper foil without additives. 
This study provides a novel approach for preparing high-
performance copper strips. 
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