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Materials and methods 

Materials 

The periodically distributed super-nano domain (GSD) Cu foils were synthesized 

using a direct-current electrodeposition technique in an electrolyte of 200 g/L CuSO4 

adjusted to a pH value of ~1 with H2SO4. A Ti rod (90 mm in diameter and 80 mm in 

height) served as the cathode, producing as-deposited Cu foils with the in-plane 

dimensions of 280 × 80 mm2. The Ti cathode was mechanically polished to minor 

surface roughness and rotated at 500 rpm during deposition. An Ir-Ta-coated Ti pipe, 

with a diameter twice that of the Ti cathode and of equal height, was used as the anode. 

Both electrodes were positioned coaxially. Electrodeposition was performed at ~30 °C 

under a constant current density of 650 mA/cm2. Each deposition lasted ~55 s, yielding 

a Cu foil ~10 μm thick. During deposition, a composite additive consisting of gelatin, 

hydroxyethyl cellulose (HEC), and 2-mercaptobenzimidazole (MBI) with their mass 

ratio of 4:2:1, along with KCl, was used to prepare the GSD Cu foils. GSD Cu foils 

with structural gradients of 42, 68 and 113 μm-1 were prepared by increasing the total 

composite additive concentration to 25, 30, and 35 mg/L, respectively, while 

maintaining a constant KCl concentration of 45 mg/L. After deposition, the Cu foils 

were peeled off from the cathode. All chemicals used in the virgin make-up solution 

(VMS) and the additives were analytical-reagent (AR) grade and were purchased from 

Sinopharm Chemical Reagent Co., Ltd.  

For comparison, randomly distributed domain (RD) Cu foils were electrodeposited 

using the composite additive concentration of 25 mg/L but at a higher current density 

of 800 mA/cm2, with all other parameters identical to those for GSD Cu foils. 

Conventional nanograined (NG) Cu foils were prepared using a commercial 

electrodeposition additive, while keeping all other parameters consistent with those of 

the GSD Cu foils. 

The roles of individual components in the composite additive are well established 

in the literature. HEC acts as a surfactant that facilitates the removal of evolved 

hydrogen, particularly at high current densities (51). Gelatin and MBI function as 
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inhibitors, increasing the resistance to Cu2+ reduction via their -NH2 and -SH functional 

groups, respectively (7, 52). Both additives promote grain refinement by increasing the 

deposition overpotential. However, the overpotential generated by a single additive 

tends to saturate as its concentration increases. In this study, we combine additives of 

gelatin and MBI, which can produce a substantially higher and more sustained 

overpotential. This enhanced overpotential promotes their co-deposition with Cu2+, 

leading to the formation of super-nano domains through the incorporation of organic 

elements into a solid solution. In contrast, chlorine ions (Cl-) accelerate Cu2+ reduction 

and lower the overpotential, thereby exerting an antagonistic effect. This competition 

induces oscillations in electrical potential at the cathode surface, which in turn drive the 

periodic formation of super-nano domain rich and lean nanolayers, as discussed below.  

Under the high applied current density used in this study, the deposition process 

becomes diffusion-limited. Specifically, owing to their larger molecular size, the 

organic additives diffuse more slowly than Cl- and Cu2+ ions. When sufficient additives 

accumulate at the cathode surface, a high overpotential develops, promoting co-

deposition and the formation of a domain-rich layer II. As these accumulated additives 

are consumed, the antagonistic effect of Cl- lowers the overpotential, suppressing 

domain formation and resulting in a domain-lean Cu layer I. This cyclical accumulation 

of additive accumulation and depletion at the cathode surface repeats during deposition, 

giving rise to the observed periodic alternation between layer I and layer II. 

As discussed above, the periodicity of super-nano domains arises from the interplay 

among the composite additive components and does not require external pulsing of 

current or voltage. The characteristic accumulation wavelength, comprising alternating 

domain-lean layer I and domain-rich layer II, is governed by the rate at which additives 

accumulate at the cathode.  

Our study demonstrates that additive concentration and current density are the key 

parameters controlling the periodicity of super-nano domains. For example, in GSD-42, 

the lower additive concentration (25 mg/L) leads to a slower accumulation rate. This 

condition requires a longer time to reach the threshold concentration needed to generate 
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the high overpotential for super-nano domain formation. As a result, a larger 

wavelength of ~150 nm is observed. Increasing the additive concentration to 35 mg/L 

(GSD-113) accelerates additive accumulation, thereby reducing the wavelength to ~120 

nm.  

 Furthermore, the applied current density of 650 mA/cm2 is critical for establishing 

the periodic arrangement of super-nano domains in GSD Cu foils. In contrast, an 

excessively high current density (e.g., 800 mA/cm2) disrupts this periodicity, producing 

a random distribution of super-nano domains throughout the foil thickness and resulting 

in a uniform domain structure. This loss of modulation occurs because the enhanced 

electrochemical polarization at 800 mA/cm2 overwhelms the antagonistic effect of 

chloride ions, enabling continuous co-deposition of organic additives and thus 

uninterrupted formation of super-nano domains. 

 

Chemical analysis 

Chemical composition analysis was conducted using time-of-flight secondary ion 

mass spectrometry (ToF-SIMS, ION TOF-SIMS 5). TOF-SIMS imaging was 

performed with a Bi+ primary ion beam operated at an acceleration voltage of 30 keV 

and a beam current of 1.0 pA. During depth profiling, a Cs+ ion gun was operated at 2 

keV and 60 nA for sputtering to remove the surface layers of the Cu foils, creating a 

crater measuring 300×300 μm2 with a final depth exceeding 3 μm, as determined using 

a KLA-Tencor profilometer. Chemical analysis was carried out in a 100×100 μm2 area 

located at the center of the sputtered crater. Effective data acquisition began after ~10 s 

of sputtering, once the surface contamination was removed. While the instrument 

provides an in-plane resolution of ~50 nm, its depth resolution reaches ~1 nm, which is 

sufficient to resolve the periodic fluctuations of impurity elements along the thickness 

of GSD Cu foil. These fluctuations exhibit a characteristic length scale of ~120 nm in 

GSD-113. In contrast, TOF-SIMS depth profiling of the RD Cu foil, which contains 

random super-nano domains, reveals a largely homogeneous element distribution 

(Fig. S1D), unlike the periodic variation observed in GSD-113 (Fig. S1C). 
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Quantitative chemical composition of the as-deposited Cu foil was further analyzed 

using a glow discharge mass spectrometer (GDMS, ASTRUM). The GDMS 

measurements were conducted with a direct current voltage of 1000 V and a stabilized 

discharge current of 1.5 mA. The analysis chamber was maintained at approximately 

−160 °C using a liquid nitrogen cooling system to minimize background interference 

and enhance signal stability. Prior to data collection, a pre-sputtering step was applied 

to remove surface contaminants and achieve steady-state sputtering conditions.  

 

Electrochemical analysis  

Electrochemical analysis on the process of GSD and RD Cu foils was carried out in 

an electrochemical three electrode cell by using a Vionic workstation. A rotating disk 

electrode test system was used for electrochemical tests from the Metrohm Autolab with 

an auto-lab RDE working electrode with 5-mm diameter, while a platinum plate with 

diameter of 3 cm and an Ag/AgCl electrode in a saturated KCl solution were used as 

counter electrode and reference electrode, respectively. A jacketed beaker was 

connected to a circulating water bath to stabilize the temperature at about 30 °C during 

all electrochemical experiments. Linear sweep voltammetry (galvanostatic) procedures 

of GSD and RD Cu foils were carried out to monitor the evolution of voltage at their 

respective deposition parameters for 40 s. 

Microstructure characterization 

Cross-sectional microstructures of the as-deposited and deformed GSD Cu foils 

were characterized using an FEI NovaSEM 460 field emission SEM in backscattering 

electron (BSE) mode. The average grain size was obtained from SEM images by 

measuring over 500 grains for each GSD Cu foil. Prior to SEM observation, samples 

were electrochemically polished in a solution of phosphoric acid (25%), alcohol (25%), 

and deionized water (50%) at ambient temperature. 

A dual-beam focused ion beam (FIB) system (Helios G4 CX, Thermo Fisher 

Scientific) equipped with a gallium ion source was used to prepare cross-sectional 

specimens for further microstructural characterization. Crystallographic orientation and 
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texture of the FIB-prepared samples were examined using a Transmission Kikuchi 

Diffraction (TKD, Oxford Aztec). TKD data were acquired at an accelerating voltage 

of 30 kV, a working distance of 4 mm, and a sample tilt of -20°. 

Cross-sectional microstructural and compositional analyses of the as-deposited 

and deformed GSD Cu foils were performed using transmission electron microscopy 

(TEM, Talos F200s, 200 kV). High-angle annular dark field (HAADF) imaging, 

sensitive to atomic number (Z) contrast, was employed to identify super-nano domains 

appearing as darker contrasts within the Cu matrix. The volume fraction of domains (f) 

at each depth was calculated using the relation 
3

36

Dd
f

l


=  , where dD and l are the 

domain size and spacing, respectively. The overall f value corresponds to the average 

across both layers I and II, while the structural gradient of the GSD is defined as the 

slope of f with respect to depth.  

The spatial distribution of super-nano domains was reconstructed by 3D tomography 

with sample tilts ranging from -60° to +60° with 3° increment. STEM bright-field 

(STEM-BF) imaging along the [110] zone axis under two-beam conditions with a 

diffraction vector of g = -111 was used to characterize dislocation morphologies in 

deformed GSD Cu foils. This imaging condition enhances sensitivity to lattice defects 

while minimizing bend-contour artifacts, thereby improving the reliability of 

dislocation analysis (53). The Burgers vectors (𝐛 ) of dislocations were determined 

using standard gb analysis, and the dislocation density was quantified by counting 

dislocation lines per unit area in TEM images.  

Atomic-resolution HAADF and integrated differential phase contrast (iDPC) 

imaging were conducted using an aberration-corrected TEM (Themis Z, 300 kV, 

Thermo Fisher Scientific) to reveal the atomic core structure of super-nano domains. 

The HAADF collection semi-angle was set between 60-200 mrad. To further resolve 

super-nano domains, off-axis HAADF and iDPC imaging (beam tilts of ~30–35 mrad) 

were conducted to suppress channeling effects in the Cu matrix. This approach 

improved contrast between super-nano domains and the thicker (>30 nm) matrix, 
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producing clear lattice fringes and enabling reliable identification of dislocations at 

super-nano domain/matrix interfaces. 

Micro-hardness measurements  

Cross-sectional micro-hardness measurements were performed using a 

QnessQ10A+ micro-hardness tester with a load of 5 g and a loading time of 5 s. For 

each sample, 10 to 20 independent measurements were conducted to ensure statistical 

reliability. 

Uniaxial tensile tests 

Uniaxial tensile tests of the GSD Cu foils were conducted in accordance with the 

IPC-TM-650 standard. The as-deposited foils were cut into rectangular specimens 

measuring 150 mm in length and 12.7 mm in width by using a precision cutting tool 

(JDC-0.5-10). The specimen thickness was measured by a weighting method following 

the IPC-TM-650 standard. Tensile tests were performed on an Instron 68TM-5 

microtester at room temperature. The gauge length and crosshead speed were set to 50 

mm and 50 mm/min, respectively. To ensure reproducibility, 6 independent tensile tests 

were carried out for each type of specimens, and the average values and standard 

deviations of ultimate tensile strength and uniform elongation were calculated. 
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Fig. S1 (A) Galvanostatic polarization curves of the working electrode during the preparation of 

GSD and RD Cu foils. (B) Periodic fluctuations in the electrode potential with depth (thickness) 

closely correspond to the spatial periodicity of the super-nano domain structure in GSD-113. (C) 

GSD-113 shows clear periodic fluctuations of C, O, S and Cl along the depth direction. (D) In 

contrast, the RD Cu foil exhibits a homogeneous distribution of all elements. 
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Fig. S2 (A) X-Ray diffraction (XRD) pattern of GSD-113 specimen shows the stronger (220) 

diffraction peak compared to the standard powder diffraction file of Cu (indicated by grey rhombus) 

where both (111) peak intensities are normalized. (B) EBSD orientation map collected using 

transmission Kikuchi diffraction (TKD) in SEM, showing columnar grains with a predominant <110> 

orientation along the thickness of GSD-113.  
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Fig. S3 (A) Phase image reconstructed from the diffraction spot of a selected domain in the GSD-

113 sample using geometric phase analysis (GPA) of the high-resolution image in Fig. 1F. (B) The 

corresponding phase-gradient (dφ/dx) map reveals localized lattice displacements concentrated at 

the domain–matrix interface. (C, D) Off-axis HAADF and iDPC images reveal interfacial 

dislocations, marked by dislocation symbols (⊥ ). (E, F) Inverse FFT filtering of the selected 

reflection and GPA-derived strain mapping (εyy) further emphasize localized interfacial strain fields 

associated with these dislocations. (A-F) share the same scale bar (2 nm). Fast Fourier 

transformation (FFT) images reveal the diffraction pattern of super-nano domain (G) similar to that 

of the neighboring matrix (H).  
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Fig. S4 (A1) Cross-sectional SEM-BSE image, (A2) HAADF image, and (A3) quantitative 

distributions of grain size (dG) and domain size (dD) distributions for the GSD-113 sample. The inset 

in (A2) shows the variation of precipitate volume fraction along the foil depth. (B1–B3) and (C1–

C3) present corresponding structural and statistical analyses for the GSD-68 and GSD-42 samples, 

respectively. 
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Fig. S5 Cross-sectional SEM-BSE image (A), and TEM image (B) of the RD Cu foils, showing 

randomly distributed domains throughout the film thickness. 
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Fig. S6 Plan-view TEM image (A) of a conventional NG Cu foil after 2 hours and SEM image (B) 

of the same sample after a 24-hour relaxation period. (C and D) Plan-view TEM images of a GSD-

113 foil after durations of 2 and 720 hours, respectively. 
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Fig. S7 Microstructural and mechanical stability as a function of duration. (A) Temporal evolution 

of grain size and domain size in the GSD-113 sample. The grain size variation of a conventional 

NG Cu foil is plotted for comparison. (B) Time-dependent hardness evolution of the GSD Cu foil 

and the conventional NG foil. (C) Engineering tensile stress–strain curves of RD Cu foils after 24 h 

and 4320 h (180 days) of duration. 
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Fig. S8 GSD-113 annealed at 150 °C for 10 mins retains nearly the same microstructure (A) and 

tensile strength (B) as the as-prepared sample.  
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Fig. S9 (A) Schematic 3D and plan-view models of a screw dislocation, illustrating atomic shuffling 

parallel to the Burgers vector that forms zigzag atomic columns (red arrow; magnified at right) (54, 

55). (B) Experimental HAADF image of the GSD sample showing a representative screw 

dislocation in plan view, with resolved atomic shuffling along the red arrow. (C) Atomic positions 

extracted from (B), showing normal (blue) and shuffled (red) atoms, consistent with the 

characteristic zigzag configuration of a screw dislocation. 
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Fig. S10 Cross-sectional TEM image of an RD Cu foil, displaying a low density of dislocations 

activated after fracture.  
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Fig. S11 Work-hardening rate versus true strain curves of GSD and RD Cu foils 24 hours after 

preparation, compared with those of NG Cu foils after 2 and 24 hours.     
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Table S1 Chemical composition of the as-deposited GSD-113 measured by glow discharge mass 

spectrometer. The average values were obtained by two independent measurements, and only 

elements with concentration above 0.1 ppm are listed.  

Element 
Content (ppm) 

Measurement 1  Measurement 2 Average 

C 190 210 200 

N 138 134 136 

S 12 4 8 

O 229 250 240 

Cl 321 296 309 

K  8 12 10 

Ti 1.2 1.2 1.2 

Cr 0.2 0.3 0.25 
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Fig. 1. Microstructure and chemistry of GSD Cu foils. (A) Cross-sectional SEM 

image. Inset shows a higher-magnification SEM image and the corresponding 

secondary ion mass spectrometry (SIMS) profiles with the distributions of C, O, and Cl 

along the depth. The growth direction is indicated by a white arrow. (B) Cross-

sectional TEM image revealing periodically distributed GSDs. (C) Enlarged TEM 

image showing neighboring layers I and II. The inset shows the atomic structure of 

layer I. (D) TEM tomography reconstruction showing the 3D distribution of domains. 

The GBs of NGs are outlined. Both domains and GBs collectively constitute the GSD 

Cu microstructure. The x, y, and z axes correspond to the length (tensile), width, and 

thickness directions of the Cu foil, respectively. (E) Variation of domain volume 

fraction (f) along the depth. (F to L) Characterizations of a single domain in layer II 

through ADF imaging (F), iDPC analysis (G), GPA analysis (H), experimentally 

extracted atomic strain map (I), and electron energy loss spectroscopy maps of Cu (J), 

C (K), and O (L). Panels (F) to (I) and panels (J) and (L) share the same scale bars. 

Fig. 2. Mechanical and electrical properties of GSD Cu foils. (A) Engineering 

tensile stress-strain curves of GSD-42, GSD-68, and GSD-113 compared with RD Cu 

foil after 24 hours of processing. (B) Long-term mechanical stability of GSD-113 

showing its tensile behavior after 4320 hours (180 days) compared with NG Cu foils 

after 2 and 24 hours. Schematic illustrations in the insets depict the characteristic 

microstructural configurations for GSD, RD, and NG Cu foils. (C and D) Comparison 

of ultimate tensile strength versus elongation (C) and electrical conductivity (D) of 

GSD Cu foils with those of RD Cu foils, conventional Cu foils (7, 8, 22–26), and Cu 

alloys (27–29). 

Fig. 3. Deformed microstructure of GSD-113. (A) Cross-sectional SEM image near 

the fracture region. (B and C) HAADF and BF images revealing the distribution of 

domains and dislocations. (D) Schematic illustration showing the superposition of 

domains and dislocations derived from (B) and (C), where domains, long dislocations 

in layer I, and short dislocations in layer II are outlined in red, orange, and blue, 
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respectively. (B) to (D) share the same scale bar. (E and F) HAADF and BF images 

showing long dislocations pinned by domains between layers I and II. (G) Magnified 

iDPC image of the region marked by the box in (D), including a long dislocation. 

Insets in (G) display the atomic structures of the sheared (left) and unsheared (right) 

regions, with the Burgers vector indicated by an arrow. 

Fig. 4. Dislocation behavior in layer II of GSD-113. (A) Atomistic iDPC-STEM 

image showing high-density short dislocation segments (blue circles) distributed 

around super-nano domains (dotted circles). Edge dislocations and stacking faults are 

indicated by white ⊥ symbols and polylines, respectively. (B) Magnified view showing 

short dislocation segments. (C and D) Atomic-resolution image and corresponding 

reconstructed atomic model of a representative short dislocation segment, confirming 

its predominant screw character. (E and F) HAADF image and GPA strain map of 

layer II enriched with super-nano domains. The color contour represents the 

distribution of atomic strain (εxx). 

Table 1. Microstructure characteristic length and tensile properties of GSD, RD, 

and conventional NG Cu foils.  

Cu foil dG (nm) dD (nm) 
S 

(%/μm) 
f (%) 

σuts 

(MPa) 
δf (%) 

GSD-113 60 ± 3 3.0 ± 0.1 113 3.2 889 ± 6 3.2 ± 0.3 

GSD-68 71 ± 3 3.3 ± 0.1 68 1.7 761 ± 27 2.9 ± 0.2 

GSD-42 80 ± 2 3.1 ± 0.1 42 1.0 688 ± 33 2.8 ± 0.3 

RD 77 ± 2 3.4 ± 0.1 — 1.5 701 ± 12 1.8 ± 0.1 

NG 61 ± 2 — — — 630 ± 27 2.4 ± 0.2 

dG, grain size; dD, domain size; S, structural gradient; f, overall volume fraction of 

domains; σuts, ultimate tensile strength; δf, elongation 
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