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Abstract. 
Various copper hierarchical structures assisted by surfactants were successfully fabricated combined with the electrodeposition technique. To the best of our knowledge, it is the first report on the controlled synthesis of metal copper hierarchical structures. All of the products synthesized in the presence and absence of surfactants, such as cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), or polyvinylpyrrolidone (PVP), were face-centered cubic copper, characterized by X-ray diffraction (XRD), indicating the surfactant-independent crystal structure. However, supplementing surfactants is helpful to construct hierarchical structures and exerts an important influence on copper morphologies. The absence of surfactants led to the formation of the nubby structures, while the use of surfactants resulted in the synthesis of the flower, dendrite, and sphere-like hierarchical morphologies. The effect of deposition time on the copper morphologies was investigated by scanning electron microscopy (SEM), and the possible formation mechanism of the copper hierarchical structures with various morphologies was discussed.


1. Introduction
In recent years, nanostructured materials with special morphologies have attracted considerable research interests for their unique magnetic, optical, and electronic properties, and potential applications [1–4]. Hierarchical materials constructed by nanostructures have been the research hotspots due to their size, or shaped-dependent properties, which are mainly determined by their composition, crystallinity, size, and morphology [5]. Therefore, in order to obtain prominent performance, much effort has been made on the composition, size, and morphology control of various materials. In the current stage, metallic hierarchical structures with various morphologies [6, 7] have been attracting extensive attention because of their potential applications in nanoscale devices, sensors, nonlinear optics, and magnetic storage media. So far, many synthetic methods including solvothermal reduction, electrodeposition, and template growth have been developed to prepare metallic hierarchical materials [8–10]. Among them, electrodeposition has received extensive attention due to the rich variation of growth morphologies and the simplicity of the experimental setup [11–13].
The importance of metal copper for the next-generation on-chip interconnection has been well established since the first discovery that copper wiring has advantages of lower resistance, higher allowable current density, and increased scalability compared with the Ti/Au (Cu) wiring. Increasing efforts have been devoted to the fabrication of metal copper nanostructures with various morphologies in recent years due to the potential applications in biomimetic design [14], sensor [15], and catalysis [16]. However, there are few of the works on the preparation of metal copper nanostructures [14, 16], especially self-assembled hierarchical structures [17]. The lack of a facile method to selectively fabricate copper hierarchical structures assembled by nanomaterials with different morphologies still remains a huge obstacle to the material researchers.
 In this paper, we reported a novel and simple method to successfully fabricate the copper hierarchical structures with morphological variety, such as flower-like structures self-assembled by nanosheets, dendrite-like crystals constructed by 1D nanostructures, and the large congeries built by sphere-like structures, by using the electrochemical deposition technology at room temperature. The metal copper materials with self-assembled structures can be selectively fabricated in the presence of surfactants. To the best of our knowledge, it is the first report on the controlled synthesis of various metal copper self-assemblies. This method is very facile, rapid, and effective for preparing the metal copper hierarchical structures with high yields.
In our reaction system, copper chloride is used as copper source, and cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS) or polyvinylpyrrolidone (PVP) as the shape-controllers that could effectively adjust the morphologies of metal copper hierarchical structures. And the copper structures with different morphologies were in detail investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Based on the experimental data, the possible formation process of metal copper hierarchical structures with various morphologies was discussed.
2. Experimental Sections
2.1. Chemical Reagents
Copper chloride dihydrate (CuCl2·2H2O), sulfuric acid (H2SO4), cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), and polyvinylpyrrolidone (PVP) were purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals were of analytical grade and used without any further purification. All solutions were prepared using deionized water.
2.2. Preparation of Metal Copper Hierarchical Structures
The electrodeposition solution consisted of CuCl2 (0.1 mol·L−1), H2SO4 (0.1 mol·L−1), various additives at the same concentration of 40 g·L−1, such as CTAB, SDS, and PVP, and deionized water. Electrodeposition was carried out in a two-electrode electrochemical cell. Both the anode electrode and cathode electrode were composed of the copper foils with the diameter of 0.8 cm, the length of 1.5 cm, and the thickness of 0.1 cm. The two electrodes were placed parallel to each other and perpendicularly inserted into the electrodeposition solution. The potentiostatic electrodeposition was carried out at the electric potential of 1.0 V for varying deposition time without heating or stirring.
2.3. Sample Characterization
After reacted for several minutes, the cathode as the working electrode was taken out, and carefully rinsed with deionized water more than five times, then allowed to air-dry before characterization. The samples for scanning electron microscopy (SEM) were directly fixed to a SEM stub and were sputtered with a 5 nm layer of platinum. Images were obtained with a JEOL JSM-5610 LV SEM operating at an accelerating voltage of 15 kV. The specimens for structural characterization were carefully peeled from the foils and subjected to X-ray diffraction (XRD) using a D/Max-RA diffractometer with Cu Kα radiation.
3. Results and Discussion
3.1. XRD of Metal Copper Materials
Figure 1 shows the XRD patterns of the products fabricated at the electric potential of 1.0 V for 10 min in the absence of surfactant and in the presence of CTAB, SDS, and PVP in the electrolyte, respectively. The diffraction peaks in the range of 
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 can be indexed as the face-centered cubic (fcc) directions of Cu (111), (200), and (220), in good agreement with Joint Committee on Powder Diffraction Standards (JCPDS) no. 04-0836. No peaks from other phases were found, suggesting the high purity was obtained. Besides, it is further indicated that supplementing surfactants does not change the crystal structure of the products but obviously affects the peak intensities of metal copper materials. Compared with the peak intensity ratio of 100 : 46 : 20 in JCPDS no. 04-0836, the ratios of (111), (200), and (220) peak intensities of various copper materials assisted by no additive, CTAB, SDS, and PVP were 100 : 416 : 600, 100 : 210 : 320, 100 : 42 : 29, and 100 : 195 : 329, respectively. On the other hand, for the as-prepared product in the presence of SDS (curve c in Figure 1), the diffraction peak strength at about 43° was obviously higher than those at about 50° and 74°, similar to that of JCPDS no. 04-0836. However, these phenomena did not happen on the products fabricated without additive or with other surfactants, attributing to the different growth rate of various directions of metal copper crystals. In contrast with the crystal structure of the products, supplementing surfactants has a notable effect on the growth rate of different direction of the as-prepared products.





	
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
				
			
			
				
			
				
			
			
				
			
				
			
			
				
		
	


	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	


Figure 1: XRD patterns of the products fabricated with no additive (a), CTAB (b), SDS (c) and PVP (d) in the electrolyte.


3.2. Effect of Surfactants on Metal Copper Hierarchical Structures
To get an insight into the formation process of metal copper hierarchical structures with different morphologies, time-dependent experiments were carried out and the products were inspected by SEM. Figure 2 shows the SEM images of the products with no additive at the varying deposition time. At the beginning of the deposition, the ruleless nubby structures with inconsistent size were first formed after reacted for 5 min (Figure 2(a)). The SEM image of the product formed at 10 min showed that the size of nubby structures increased with the increasing deposition time and came up to 5–8 μm (Figure 2(b)). The crinkles on the surface of nubby structures indicated that the products were constructed by many small blocks. As the reaction time increased to 20 min (Figure 2(c)), the small nubby structures with the size of about 3 μm were observed due to the further splitting of the former lager nubby structures. At the deposition time of 30 min, the ruleless nubby structures further grew up on the foil, piled up each other, and constructed the copper film (Figure 2(d)). The above experimental results show that in the absence of additive the similar growth rates in different directions lead to the formation of the ruleless nubby structures. With the prolonged deposition time, the nubby structures gradually grow up, and then split into many small blocks which further developed, and finally contribute to the formation of the copper film.
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(d)
Figure 2: SEM images of the products with no additive in the electrolyte at the different deposition times of 5 min (a), 10 min (b), 20 min (c), and 30 min (d).


Figure 3 shows SEM images of the products by adding CTAB in the electrodeposition solution at varying deposition time. At the beginning of the deposition, the nanosheets with the thickness of about 50 nm perpendicularly grew up on the foil and interwove each other, shown in Figure 3(a). With the increasing reaction time, taking the old nanosheets as the new growth points, the secondary sheet-like structures gradually matured, which caused the nanosheets with similar thickness to develop in number and to become bushier, forming the nanosheet arrays on the substrate (Figure 3(b)). After reacted for 30 min, the nanosheets further grew up and some sphere-like structures wrapped in the inner part of nanosheets were observed (Figure 3(c)). When the reaction time lasted for 1 h, there were some flower-like structures self-assembled by nanosheets in high yield with uniform size of about 15 μm, shown in Figure 3(d). The above experimental results clearly indicate the formation process of the flower-like hierarchical structures constructed by nanosheets. Assisted by CTAB, the different growth rates of metal copper in each direction promote vertical growth of the copper nanosheets with the uniform thickness on the substrate. With the rapid growth of nanosheets, the growth of the crystal nucleus of the inner part wrapped in nanosheets is easier to be affected by the electrolyte diffusion, leading to the lack of protection of CTAB in the growth process of metal copper. Therefore, the products further develop into the sphere-like structures with micrometer size and come up as shown in the inset of Figure 3(c), similar to the formation of crystal copper without additive. When the sphere-like particles emerged from the nanosheets come into contact with the electrolyte owing to the rapid growth rate, CTAB further promotes the appearance of the sheet-like structures and finally leads to the formation of the flower-like hierarchical structures self-assembled by nanosheets. Based on the above analysis, adjusting the electrodeposition time can effectively control the formation of nanosheet arrays and flower-like hierarchical structures.
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(d)
Figure 3: SEM images of the products by adding CTAB in the electrolyte at the different deposition times of 10 min (a), 20 min (b), 30 min (c), and 1 h (d). The insets in Figures 3(a)–3(d) show the magnification SEM images of the corresponding photos.


Figure 4 shows the SEM images of the products assisted by SDS in the electrolyte at varying deposition time. At the beginning of the deposition, the prototype of dendrite-like structure with cross-linked branches was first formed and covered the whole substrate after being reacted for 1 min (Figure 4(a)). With the increasing deposition time, the branches of dendrite-like structure gradually developed and independently grew up (Figure 4(b)). The SEM images of the products reacted for 5 min (Figure 4(c)) which indicated that the trunks and branches of the dendrite-like structures further evolved and became thicker. And taking the old branches as the new growth points, the sub-dendrite-like structures occurred on the branches. After being reacted for 10 min, the sub-dendrite-like structures with the uniform length of about 2 μm wove together (Figure 4(d)). The above experimental results clearly show that under the assistant role of SDS, the products first nucleate on the foil and grow at one-dimensional approach, and then the dendrite-like structures are gradually formed. With the increasing deposition time, the instability of the branches promotes the appearance of sub-dendrite-like structures with small size, which further evolve and interweave together, and finally construct the dendrite-like crystals constructed by 1D nanostructures. The formation of dendrite-like copper crystals is a nucleation-growth-regrowth process. It is an effective approach to rapidly fabricating the dendrite-like crystals.
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(d)
Figure 4: SEM images of the products by adding SDS in the electrolyte at the different deposition times of 1 min (a), 3 min (b), 5 min (c), and 10 min (d).


Figure 5 shows the SEM images of the products with PVP in the electrolyte at the varying deposition time. At the beginning of the reaction, only a few protuberances of approximately 1 μm irregularly were arranged on the foil, shown in Figure 5(a). With the increasing reaction time, the protuberances further developed, and gradually wove together, then became the sphere-like structures with the diameter of about 2 μm (Figure 5(b)). When the reaction time lasted for 20 min, the sphere-like structures assembled each other and became the larger congeries as shown in the inset of Figure 5(c). The above experimental results distinctly display that assisted by PVP, the same growth rates in all directions promote the formation of the sphere-like structures. With the further evolution, the sphere-like structures assemble each other and finally form the large congeries constructed by sphere-like structures.
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(c)
Figure 5: SEM images of the products by adding PVP in the electrolyte at the different deposition times of 5 min (a), 10 min (b), and 20 min (c). The insets in Figures 5(a)–5(c) show the magnification SEM images of the corresponding photos.


Based on the above experimental results, it is clearly shown that the copper hierarchical structures with different morphologies, such as flower-like structures self-assembled by nanosheets, dendrite-like crystals constructed by 1D nanostructures, and the large congeries built by sphere-like structures, can be effectively fabricated by using the additives of CTAB, SDS, and PVP. The schematic presentation of the fabrication procedure of metal copper materials fabricated by the assistance of CTAB, SDS, and PVP was shown in Figure 6, clearly illustrating the evolution of various copper hierarchical structures. Due to some reasons, such as the interactions of copper ions and the additives and the selective adsorption of the surfactants on certain crystallographic planes, the difference of the additives has an important effect on the growth rate of the different orientation of metal copper during the electrodeposition, resulting in the formation of metal copper self-assemblies with various morphologies. The exact role of the additives in the formation of copper hierarchical structures is not clear at this moment and further studies are needed. 


	
		
	



	
	
	
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	

Figure 6: Schematic presentation of the process involved in the preparation of various metal copper hierarchical structures assisted by CTAB, SDS, and PVP.


4. Conclusion
In this paper, we developed the controlled fabrication of copper hierarchical structures with different morphologies by using the additives, such as CTAB, SDS, and PVP, combined with the electrodeposition technology. The outstanding features of this template-free method are its simplicity, convenience, and effectiveness. It is the first time that the shape-controlled synthesis of metal copper self-assemblies is reported. All of the products were face-centered cubic copper, and the crystal structure was surfactant independent. In the absence of additives, only ruleless nubby structures are observed; in contrast, in the presence of CTAB, the flower-like hierarchical structures self-assembled by nanosheets with the uniform size are formed. Adjusting the deposition time was efficient to control the formation of the nanosheet arrays and the flower-like hierarchical structures. When the electrolyte was supplemented with SDS, the dendrite-like copper crystals constructed by 1D nanostructures are rapidly synthesized. When the electrolyte was added by PVP, the large congeries built by sphere-like structures was revealed. In summary, a simple and novel way to selectively control the formation of copper hierarchical structures with different morphologies is established by using the different additives.
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