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Abstract

:

Copper current collectors (Cu CCs) impact the production technology and performance of many electrochemical devices by their unique properties and reliable operation. The efficiency of the related processes and the operation of the electrochemical devices could be significantly improved by optimization of the Cu CCs. Metallic Cu plays an important role in electrochemical energy storage and electrocatalysis, primarily as a conducting substrate on which the chemical processes take place. Li nucleation and growth can be influenced by the current collector by modulating the local current density and Li ion transport. For example, the commonly used planar Cu CC does not perform satisfactorily; therefore, a high number of different modifications of Cu CCs have been proposed and reported in the literature for minimizing the local current density, hindering Li dendrite formation, and improving the Coulombic efficiency. Here, we provide an updated critical overview of the basic strategies of 3D Cu CC structuring, methodologies for analyzing these structures, and approaches for effective control over their most relevant properties. These methods are described in the context of their practical usefulness and applicability in an effort to aid in their easy implementation by research groups and private companies with established traditions in electrochemistry and plating technology. Furthermore, the current overview could be helpful for specialists with experience in associated fields of knowledge such as materials engineering and surface finishing, where electrochemical methods are frequently applied. Motivated by the importance of the final application of Cu CCs in energy storage devices, this review additionally discusses the relationship between CC properties and the functional parameters of the already-implemented electrodes.
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1. Introduction


Owing to its good processability, high availability, relatively low cost, chemical inertness with respect to Li, and favorable electrical properties, metallic Cu plays an important role in modern energy technology. Currently, Cu current collectors (CCs) are broadly implemented in rechargeable batteries, e.g., Li ion batteries (LIBs) (Figure 1a), ultracapacitors, and electrocatalysis [1,2]. Following the invention of the LIB in the late 1970s, one of the most frequent Cu CC applications in energy conversion and storage has involved a standard Cu foil on which active battery materials are typically coated to enable normal operation of the LIB anode (Figure 1a). Nevertheless, the need for a prompt energy transition imposed by the contemporary environmental and political issues has resulted in the development of diverse technological improvements, including significant advances in the fabrication of more efficient and practical Cu CCs.



The CCs in rechargeable batteries are chemically inactive materials in their local environment; however, their properties can greatly influence battery operation and parameters [1]. For example, the relative weight of the CCs in LIBs is currently approaching 15%, displaying a high impact on the final energy density of the battery [1] (Figure 1b) and good prospects for improvement by adjusting the CC thickness and rationalizing the cell design [1]. A logical way to realize these expectations is the structuring of the Cu CCs, i.e., formation of 3D CCs, which has been associated with various functional advantages since their initial development in the early 2000s (Figure 1c) [1,2,3].



The high active surface area of CCs with a 3D geometry is provided by the internal pore structure, where lightweight design has been well realized. This approach helps to reduce the local current density and polarization of the anode, and in this way, the kinetics of the negative electrode reaction can be improved [4,5,6,7]. Furthermore, compared to flat CCs, the pore network of 3D CCs can successfully accommodate the expansion of many active materials during insertion of Li or other guest ions. Appropriate examples of this effect are related to deposited materials such as Si, Sn, transition metal oxides (TMOs), etc., known to have Li insertion-related mechanical instability [1,2]. In addition, 3D structuring of CCs has a positive impact on the ionic transport in the electrode by shortening the diffusion length of the Li ions [8]. The improvement of this parameter is important for accelerating the reaction kinetics under diffusion limitations, where the ionic transport plays a rate-limiting role.



There are different methods for the formation of 3D-structured Cu CCs, which are generally classified into template-assisted and template-free approaches [9,10]. Depending on process conditions, differences in length scale and the form of the 3D Cu structures can be obtained [1,2,6]. However, from a practical point of view the methods with minimal energy consumption, reduced number of technological steps, and utilization of non-toxic reagents are more favorable. In many cases, for example, technological stages involving high-temperature thermal treatments, expensive deposition equipment, e.g., Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD), Atomic Layer Deposition (ALD), and toxic chemicals, e.g., HF-based etching baths are utilized. Therefore, the application of practical methods that allow for effective optimization of the Cu nano- and microstructure are necessary to realize improvements in cost, environmental impact, and technical usefulness across a broad spectrum of applications. In view of this, electrochemical methods enable much simpler and low-cost fabrication processing [11]. At the same time, electrochemical techniques such as electroplating and anodization are versatile options owing to the possibility of adjusting the properties of the obtained or modified materials and providing better freedom of choice with regard to the form and nature of the used substrates. In this context, a number of 3D Cu formation methodologies are based on or involve electrochemical methods, which are considered technologically more effective and much simpler in comparison with their non-electrochemical alternatives [11].



An important step that belongs to the implementation of 3D Cu CC technology is the characterization of the structured Cu CC properties. Here, the list of practically relevant parameters comprises the active surface area, porosity and tortuosity, electrical properties, mechanical characteristics, stability, and interfacial properties [2]. In order to realize a complete characterization of the Cu CC properties, a broad variety of instrumental methods have to be employed; however, these require extra investment costs and outsourcing, which is usually challenging for small and midsize companies and small research labs. Therefore, fast, simple, and economical characterization strategies, closely related to the final goal of CCs implementation have always been preferred by both industry and researchers in applied fields.



This review paper introduces readers to the basic approaches of structured 3D Cu CC fabrication involving electrochemical processing. The main factors which influence electrochemical Cu CC formation are critically discussed and exemplified with an appropriately updated literature overview. As the effective characterization of 3D structured Cu CCs may be one of the obstacles to the development of advanced high-energy storage technologies, a separate section of this review is devoted to the presentation of specific electrochemical methods representing simple and low-cost options for Cu CC analysis. These methods are described in the context of their practical usefulness and applicability, with the aim of enabling easy implementation by research groups and private companies with established traditions in electrochemistry and plating technology. Furthermore, the current overview could be helpful to specialists with experience in associated fields of knowledge such as materials engineering and surface finishing, where electrochemical methods are frequently applied. Motivated by the importance of the final application of the Cu CCs in energy storage devices, this paper additionally discusses the interrelations between CC properties and the functional parameters of the already-implemented electrodes.




2. Electrochemical Methods for 3D Cu CC Formation


The main electrochemistry-based techniques used for the formation of various Cu CC 3D morphologies (e.g., nanowires, nanopillars, nano- and microporous layers, foam structures, etc.) are presented in this section. These methods are categorized according to their mechanism of application into (1) template-assisted and (2) template-free. Common to both these approaches is that their methodology involves one or more electrochemical steps. The impact of the specific working strategies and experimental conditions on the morphology and properties of the resulting Cu structures are discussed individually below.



2.1. Template-Assisted Methods


Templating is one of the key methodologies for the controlled fabrication of micro- and nanostructured materials. This approach relies on formation/synthesis or assembly of a pre-existing pattern (template) with desired nanoscale features (first step). The role of this pattern is to direct the deposition of nanomaterials into forms that are otherwise difficult or impossible to obtain (second step). Finally, to obtain the desired structured Cu array, the applied template has to be removed (third step). In the following subsections, template-assisted approaches for Cu deposition relying on different types of template nature and formation are presented.



2.1.1. AAO Templates


An anodic aluminum oxide (AAO) template is a self-organizing porous anodic layer of Al2O3 that typically has a honeycomb-like structure of pores aligned in parallel to forming density arrays with a high number of pores. Among all templates, AAO layers are the most widely applied for nanowire growth (Figure 2). When using AAO templates, the nanowire diameter can be precisely determined by the AAO pore size [12]. The pore diameter can be adjusted in the range of five to several hundred nm, and the AAO thickness, which determines the nanowire length, can be controlled from a few tens of nanometers to a few hundred micrometers. Porous AAO templates are formed electrochemically by anodization of Al, typically in acid electrolytes, as reported by Masuda and Fukuda [13] and numerous later researchers [14]. Owing to their ordered uniform nanopores, AAO templates have been widely used in nanotechnology for the deposition of metallic and semiconductor nanowire arrays [14,15].



The first reports on the electrochemical deposition of Cu in AAOs date back to the early 2000s [16], when the application of AAO-grown Cu nanowires as field emitters was first demonstrated [16]. The early demonstration of this technique was followed by many studies of AAO-templated Cu CC electrodeposition, mainly for electronics [17], electrocatalytic purposes [18], and energy storage applications [15].



AAO nanoporous templates with different pore diameters and interpore distances can be easily grown by potentiostatic anodization of aluminum carried out in acidic electrolytes. In particular, electrolyte solutions based on sulfuric acid, [19], oxalic acid [13,20,21], or phosphoric acid [22] can be applied. The geometry of the obtained AAO membranes strongly depends on electrochemical conditions, i.e., on parameters such as anodization voltage, electrolyte composition, and anodization time [23]. Generally, the AAO pore diameter and the interpore distance depend linearly on the applied potential/voltage. The influence of the experimental parameters (i.e., anodization potential, pH, electrolyte concentration, anodizing time, and pore widening time) on AAO pore diameter is schematically presented in Figure 3. In order to design an AAO template with specific pore dimensions, all factors influencing the pore formation process have to be taken into account [23].



Barrier layer thickness is one of the most important AAO parameters (Figure 4, left); in order to realize nanowire electrodeposition, either its thickness has to be reduced or the entire barrier layer has to be removed. The AAO wall thickness and barrier layer thickness can be modified during the post-treatment process, which usually involves a chemical etching step [23].



The strategies for the fabrication of Cu nanowire arrays can be generally categorized into three main groups [22]. In the first approach, a thin layer of conductive metal is deposited on through-hole AAO membranes, followed by galvanostatic Cu electrodeposition [24]. However, to obtain a nanoporous AAO layer with open-ended channels, the remaining Al metal has to be removed, and in certain cases an extrapore widening step is necessary. The second method consists of alternating-current (AC) Cu electrodeposition inside the AAO pores, and does not require any additional processing after Al anodization [25,26]. This technique allows for the growth of large quantities of Cu nanowires [26]. The third interesting approach applies a through-hole AAO template as a direct mask for the electrodeposition of Cu nanowire arrays [15,27]. The main advantage of this method is its simple manufacturing process. Nevertheless, this strategy relies on strong adhesion of the AAO template to the surface of the Cu substrate [27].





[image: Energies 16 04933 g004 550] 





Figure 4. Schematic diagram of porous aluminum oxide template (left). Schematics of two of the wave shapes and pulse polarities employed in this work (right): a pulsed sine wave with oxidative/reductive pulse polarity (a), and a pulsed square wave with reductive/oxidative pulse polarity (b) [25] (with permission from the American Chemical Society). 
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In nearly all scientific works in the field, CuSO4 is the Cu source of the electrolyte composition and Cu electrodeposition in acidic and alkaline electrolytes is possible. Acid electrolytes are frequently used for this purpose due to their high efficiency and the higher current density that can be applied when using these solutions. Their main drawback is their low throwing power and the pronounced corrosion caused by the more chemically active metals in these media (e.g., Zn, Fe, Sn, etc.). Alkaline copper electrolytes display higher throwing power than acidic ones; they are less corrosive, and as such are especially important for the industrial plating of steel and other non-inert substrates. Nevertheless, the high toxicity and corresponding environmental issues of the most frequently used alkaline cyanide electrolytes motivate the development of less toxic alternative solutions based on other complexing agents such as sorbitol, glycine, glycerol, glutamate, and pyrophosphate [28]. Copper electrodeposition in AAOs is performed mainly in two electrode cells using different cell geometries. Furthermore, a variety of electrochemical procedures are used for deposition of Cu in the AAO nanopores, including DC galvanostatic and potentiostatic deposition and different AC (pulse) techniques (Figure 4, right). The specific cell and electrode geometries and the application of different substrates, procedures, and electrolytes make comparative analysis of the results reported in the literature difficult. Therefore, to achieve the desired properties of Cu deposits reported in individual research contributions, the experimental conditions have to be strictly reproduced. Information about electrolyte composition, electrochemical deposition parameters, cell configuration, substrates, and Cu array dimensions is summarized in Table 1.




2.1.2. Track-Etched Polymer Membrane Templates


Track Etched Membranes (TFM) are precisely fabricated polymer layers, with multiple applications in life sciences, engineering, and nanotechnology. These functional materials can be produced with a pre-defined pore diameter, with each pore being able to form a single channel throughout the entire membrane thickness. The TFM can have a film thickness from 6 to 50 µm for different polymer materials, including polycarbonate (PC), polyethylene terephthalate (PET), polyvinylidene difluoride (PVDF), polypropylene (PP), and polyimide (PI). Among all polymer types, PC and PET are the most studied materials for application of TEM in nanotechnology. In particular, PC dominates research work in the field of metallic nanowire deposition. The process of TEM fabrication involves two steps, ion tracking and chemical etching [37]; the fabrication technique consists of the formation of continuous trails in the material by exposure to radiation (first step) and the formation of fine holes by preferentially dissolving the damaged trails in an appropriate etching bath (second step). These holes can be chemically enlarged by regulating the etching time until the necessary size is achieved [37,38]. There are two radiation-based methods for the formation of tracks on polymer films: (1) bombardment with heavy particles (e.g., alfa radiation), and (2) use of high-energy ion beams from accelerators (e.g., GSI, Darmstadt, Germany, and GANIL, Caen, France) [38]. Etching of the polymer membrane is easily achieved in alkaline solutions such as KOH or NaOH. This allows the pore size to be enlarged and chemical moieties to be added to the inner pore surface. PC and PET membranes have similar properties; however, PC is more soluble in organic solvents and more suitable for producing membranes with cylindrical nanopores, as the pore size is very homogeneous and smooth [38].



Similar to AAO, PC membranes with relatively narrow pore diameters (close to 10 nm) are commercially available; furthermore, they can be used as a template to grow metal nanowire arrays. Nevertheless, as discussed by Motoyama et al. [39], the geometrical periodicity of nanowire arrays is low compared to that of AAOs due to random hole formation during PC irradiation with heavy ion particles. Furthermore, the same authors observed the nonuniformity of nanowires along the length direction (Figure 5a), which has been attributed to the original irregular shape of the nanopore wall in PC membranes after track-etching with heavy ions. In this context, a broader pore size distribution was investigated earlier by Chlebny et al. [40] (Figure 5b). They concluded that electrochemical nanowire formation using such a template can be applied in fields such as energy conversion and storage where highly ordered arrays are not required [39].



The electrochemical conditions and morphological properties of the PC membrane templates, and corresponding Cu nanostructures are summarized in Table 2.




2.1.3. Particle Templates


Another template approach is based on the initial assembly of spherical particles on the substrate surface, followed by Cu electrodeposition and subsequent removal of the initially assembled template structure. This so-called colloid assembling technique has attracted many research groups owing to its easy and low-cost formation of 3D macroporous layers [50,51]. Liquid–air interfaces have been used for the self-assembly of colloidal particles with a diameter of several hundred nanometres, finally resulting in the formation of regularly ordered large particle arrays. When performing template self-assembly, PS or SiO2 sub-micron-sized spheres are typically used. During self-assembly, capillary forces trigger the formation of a dry colloidal fcc crystal resulting in a structure called artificial opal, and the material deposited in the interstitial spaces is named inverse opal [50].



Following this approach, porous metallic structures can be formed through electrodeposition in self-assembled PS or other particles. This technique was initially used for gold [52], and later microporous copper material was deposited using the same method [53,54]. Following electrodeposition, the original opal material can be removed. For example, etching of silica opal is performed by immersion in a 5% solution of HF [55] and opal formed of PS can be removed by combustion at 450 °C or by dissolving the PS template in organic solvents, e.g., toluene [54].



The deposition of high-quality 3D porous copper and other porous metal films using this method depends critically on factors that control the permeability of the electrolyte solution in the nanochannels of the PS template. Ding et al. concluded that the permeability can be substantially increased by surface modification of the PS template, which has the aim of enhancing the hydrophilicity of the PS particles [53,54]. Such an effect was realized by modification of the PS surface with SDS in [53] (Figure 6).



Another useful approach for mitigation of permeability issues when depositing PS opal is choosing electrolytes with better wetting properties. In this context, Tsai et al. [56] utilized ionic liquid (IL) electrolytes for the electrodeposition of macroporous silver using PS opal templates. The authors observed that their ILs ([BMP][TFSI] and [BMP][DCA]) displayed improved wetting on the hydrophobic PS templates compared to the aqueous electrolytes. This approach has been demonstrated for copper electrodeposition as well. Zein El Abedin et al. [57] reported on the electrodeposition of highly ordered macroporous copper films in 1-butyl-3-methylimidazolium dicyanamide ([BMIm][DCA]) using PS opal templates. PS colloidal spheres were assembled onto gold and indium tin oxide (ITO) substrates, displaying an ordered hexagonal structure. Afterwards, the interstitial spaces of the PS opal arrays were filled with copper by electrodeposition. Well-ordered macroporous copper films have been obtained after the chemical dissolution of the PS template. Furthermore, highly ordered 2Dand 3D macroporous Cu films with interconnected pore structures can be fabricated by varying the experimental conditions.



Practically useful information about the experimental electrochemical conditions and morphology of structured Cu obtained using this method is summarized in Table 3.




2.1.4. Dynamic Hydrogen Bubble Templates


As previously discussed, depending on the experimental conditions electrodeposition can lead to the formation of nanostructures of various geometric forms and dimensions. Dynamic Hydrogen Bubble Technique (DHBT) is a special type of electrodeposition technique that is particularly useful for the formation of 3D interconnected metallic structures (often called metallic foams). DHBT involves two parallel redox processes, namely, electrodeposition and hydrogen evolution reaction (HER), where the hydrogen bubbles act as a dynamic template for the growth of the porous material. The DHBT technique has a number of important practical advantages, including (1) simple growth of porous material without the assistance of a solid template, (2) formation of micron-size layers consisting of nanostructured pore walls with high surface area, (3) an increased number of active sites at the pore walls, which help to accelerate chemical processes and allow easy modification, and (4) high mechanical stability [2].



The DHBT approach has been used for the fabrication of micro- and nanostructured foams across a broad spectrum of single elements, including copper. Among the high number of examples for DHBT-grown metallic foams, copper structures are the most frequently applied as electrode substrates in energy technologies. Owing to their lower hydrogen reduction overpotential, Cu foams can easily be formed and precisely tuned by adjusting DHBT parameters such as current density, deposition time, electrolyte composition, temperature, and substrate morphology [2].



Both the rate of Cu dendrite growth and the HER are greatly influenced by the applied current density and the corresponding overpotential. Here, the hydrogen bubble nucleation rate and its lifetime on the electrode play an important role. For example, at a lower current density a low number of irregularly distributed H2 bubbles are generated on the substrate. This results in porous Cu with an irregular morphology. On the other hand, increased current density leads to HER acceleration, and consequently to improved pore regularity and decreased pore size [64]. The effect of current density on Cu deposit morphology is shown in Figure 7.



Deposition time is another important factor that affects Cu pore morphology. It has been shown that the prolongation of deposition time at a constant current density results in enlarged pore diameter. This effect can be explained by the fact that the generated H2 bubbles participate in physical processes such as collisions, deformation, coalescence, etc., each of which depends on the deposition time and influence the pore geometry [2].



The porous Cu morphology can be greatly influenced by temperature. It has been observed that increasing the electrolyte temperature leads to more intensive hydrogen evolution, resulting in a larger bubble template and an increase in the interstitial distance between the bubbles. Consequently, the pore size of the electrodeposited porous Cu foam increases, although electrolyte temperatures beyond 40 °C have a negative effect on grain size refinement and dendrite stability [64].



Adjusting the electrolyte composition is a useful tool for tuning the morphological properties of DHBT-synthesized Cu foams. Control over branching during Cu electrodeposition has been observed [65,66]; in particular, a reduction in branching has been found after addition of sulphates, chlorides, and bromides. Shin et al. [67] demonstrated that the pore size and wall structure of Cu foams can be changed by varying the electrolyte composition. This effect is presented in Figure 8. The same authors observed that the addition of bubble stabilizer (e.g., acetic acid) suppresses the coalescence of H2 bubbles, resulting in a lowering of their hydrophobic properties and a consequent reduction in pore size. Additionally, they found that the addition of chloride ions to the electrolyte leads to a decrease in branch size in the Cu foam walls as a result of the catalytic effect of chloride. In particular, it was observed that the pore size at the surface was reduced from 50 μm to about 25 μm when 0.1 M acetic acid was added to the electrolyte. A similar effect was achieved after the addition of cetyltrimethylammonium bromide (CTAB) [68]. Additionally, the branches formed on the pore walls were significantly reduced in size after the addition of HCl [67].



The influence of electrolyte components such as NH4+, Cl−, polyethylene glycol (PEG), and 3-mercapto-1-propane sulfonic acid (MPSA) was demonstrated by Kim et al. [69]. Their analysis showed that, among all the additives, NH4+ was the most effective suppressant of both Cu deposition and hydrogen evolution, which was due to its adsorption on the electrode surface and the increase in the overpotential of the reactions. This led to a larger pore diameter and lower branching, resulting in mechanically stabilized porous Cu.



Practically important examples of the electrochemical formation of 3D Cu foam that demonstrate the influence of the electrochemical parameters on Cu morphology are summarized in Table 4.



An interesting practical approach for the formation of mechanically stable free-standing porous Cu by means of DHBT has been demonstrated by Kurniawan et al. [70] (Figure 9). This methodology consists of three main steps. During the first step, porous Cu structures are electrodeposited galvanostatically on a flat Cu substrate at current densities in the typical range for this purpose (i.e., j = −0.075–−2.25 A cm−2) for up to 400 s. In the second step, reinforcement of the obtained Cu dendritic porous structure is performed by applying constant current deposition in the same electrolyte at lower current density (−20 mA cm−2) and longer deposition time (between 5 and 120 min). Because the dendritic reinforcement at the interface between the Cu substrate and porous Cu is less effective, in the third step it is possible to easily detach the porous Cu layer from the substrate by short ultrasonication and finally obtain a stable free-standing porous Cu framework [70].
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Table 4. Electrochemical deposition conditions and morphology for Cu deposits grown by means of DHBT.
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	Electrolyte
	Electrochemical

Parameters
	Cell Configuration/

Substrate
	Cu

Morphology
	Ref.





	1.5 M H2SO4

0.2 M CuSO4
	DC galvanostatic

max 3 A cm−2
	Two-electrode

Cu cathode

Cu anode
	3D microfoam

nanostructured walls

dpore = 40–100 μm
	[71]



	0.2–0.8 M CuSO4

0.1–1.5 H2SO4

0.03–0.5 M CH3COOH

1–50 mM HCl
	DC galvanostatic

max 3 A cm−2
	Two-electrode

Cu cathode

Pt anode
	3D microfoam

nanostructured walls

dpore = 20–140 μm
	[67]



	0.3 M CuSO4

0.7 M H2SO4

Additives:

(NH4)2SO4, HCl,

PEG(Mw2000), MPSA
	DC galvanostatic

1–4 A cm−2
	Two-electrode

Cu cathode

Cu anode
	3D microfoam

Wall morph. Depend on additive

dpore = 10–40 μm
	[69]



	0.4 M CuSO4

0.5 M H2SO4

CTAB

(10 μM

to 5 mM)
	DC galvanostatic

0.1–1.2 A cm−2
	Three-electrode

Au working

Pt-counter

SCE-reference
	3D microfoam

nanostructured walls

dpore = 50–150 μm;

dpore (CTAB) = 10–40 μm
	[68]



	0.5 M CuSO4

1.5 M H2SO4

0.1 M Na2SO4
	DC galvanostatic

4 A cm−2

2 A cm−2
	Two-electrode

Cu-cathode

Pt-anode
	3D microfoam

nanostructured walls

dpore, 2 Acm−2 = 25 μm;

dpore, 4 Acm−2 = 40 μm
	[72]



	0.1 M CuSO4

0.5 M H2SO4

Add:

(NH4)2SO4, Na2SO4, NaCl, or CTAB
	DC galvanostatic

2 A cm−2
	Two electrode

Cu-cathode

Cu-anode
	3D microfoam

Wall morph.

and dpore depend on additive
	[73]



	0.2 M CuSO4

1 M H2SO4
	DC galvanostatic

−0.075–−2.25 A cm−2

for 60 s and

−20 mA cm−2 for 2 h

(reinforcement)
	Three-electrode

Cu-working

Pt-counter

Ag/AlCl-reference
	Free-standing porous Cu framework with through pore structure

(various dpore)
	[70]









2.1.5. Summary of Section 2.1


Four different approaches for 3D Cu formation relying on template assistance have been discussed in Section 2.1. These techniques offer final 3D Cu materials with different geometrical forms and dimensions that are strictly controlled by the template geometry. The application of AAO and spherical particle templates can result in the fabrication of ordered Cu structures with near-ideal orientation, i.e., ordered 3D Cu NW arrays and 3D Cu inverse opal, respectively. The utilization of a polymer membrane template enables the formation of Cu NW with random surface distribution and higher diameter variation compared to the AAO approach. One serious challenge in the application of all three solid template approaches is the extra effort necessary for the setting and perfection of the template assembly. In contrast to the solid templates, DHBT does not require additional technological steps to create the template; therefore, this strategy is technologically simpler and more economical. This method allows the formation of 3D-supported or free-standing Cuf layers with micrometer-sized pores that have a disordered spatial distribution and fine surface morphology at the nanoscale, which can be tuned by changing the electrolyte composition. In recent years, simple and low-cost DHBT has gained much attention from the scientific community as a practical approach for manufacturing 3D Cu CCs with high active surface areas, which enable a wide variety of applications.





2.2. Template-Free Methods


Template-free methods for Cu CC structuring do not rely on applying any technique for shape control of the copper deposits. This group of methods comprises more traditional approaches based on anodic electrochemical procedures, i.e., anodization and electrochemical de-alloying, electropolishing, etc.



2.2.1. Electrochemical De-Alloying


De-alloying can be generally classified as a corrosion phenomenon, and has attracted high attention due to the possibility of effectively producing nanoporous metals with a three-dimensional ligament-channel structure. Created in this way, the interconnected material displays an enhanced specific surface area, which makes it suitable for a number of applications, similar to the other types of porous metallic structures. Usually, the necessary materials for the processed bimetallic alloys are prepared via the thermal procedure of powder mixture annealing, which may have a mechanical step as well (e.g., milling, hot-rolling, cold rolling, etc.) [74]. An alternative practical way of alloy formation for certain metal couples is electrochemical deposition [75]. The process of alloy formation is followed by a chemical or electrochemical oxidation step, which has the aim of selectively dissolving the domains of the less noble metal phase (i.e., the metallic component with lower standard electrochemical potential).



The idea for electrochemical de-alloying of Cu alloys dates back to the early 1980s [74,76]. Keir et al. investigated the corrosion process of different binary copper alloys in NaCl solution at various fixed anodic potentials. Cu-Mn, Cu-Zn, and Cu-Ni alloys have shown de-alloying behavior, with the selective loss of Mn able to be optimized by regulating the potential at which the alloy is held [74]. Comprehensive corrosion analysis of Cu-Al, Cu-Mn, Cu-Zn, and Cu-Ni alloys was later performed by Pryor et al. [76]. It was shown that the copper dealloying rate of the binary alloys in NaCl solutions at E = −0.25 vs. SHE decreases in the order Cu-A1 > Cu-Mn > Cu-Zn > Cu-Ni. The properties of the resulting metallic porous structures have been studied as well. Following these early works on electrochemical de-alloying, many possible Cu binary alloys have been investigated, including Cu-Zn [77,78,79], Cu-Al [80,81], Cu-Zr [82], Cu-Ag [83], and Mg-Cu-Y [84], for effective fabrication of Cu porous materials. The most promising de-alloying results have been obtained for the frequently used copper alloys Cu-Zn and Cu-Al.



The electrochemical de-alloying of Cu-based alloys is usually performed potentiostatically in highly corrosive concentrated chloride [77,78,81,85] or acidic media [82,83]. The chosen de-alloying potential has to be positive enough to selectively dissolve the Cu alloying element (i.e., Al, Mn, Zn, etc.); however, its value and that of the alloy corrosion potential determine the de-alloying rate.



The evolution of the morphology of porous copper surfaces during Cu-Zn de-alloying in 1-ethyl-3-methylimidazolium chloride (EMIC) electrolyte was studied by Lin et al. [77] through SEM imaging. As the de-alloying process began, Zn atoms were selectively removed from the alloy surface, followed by pitting. It was found that the dissolution of Zn from the alloy begins preferentially at the grain boundaries. As de-alloying proceeds, this selective dissolution of Zn leads to Cu enrichment, finally resulting in larger ligaments and increased pore size. A similar morphological pattern has been observed for products obtained in other electrolytes.




2.2.2. Anodic Treatment of Cu Substrate


Anodic electrochemical treatment comprises a group of methods that can be used to modify the morphology of the metal surface, or, depending on conditions, to promote formation of an oxide layer, which can be useful for different functional applications. In this section, the most frequently used anodic treatments of copper substrates, namely, anodization, and electropolishing, are briefly discussed.



Anodization


Anodization is an electrochemical passivation process applied to increase the thickness of the natural oxide layer on certain metal surfaces. The process received its name because it is performed under constant anodic potential, constant positive current, or anodic linear polarization, leading to oxidation of the metal surface and corresponding oxide formation. The anodization technique is often used to passivate Al or Ti and obtain Al2O3 and TiO2 layers for different purposes. In addition to this frequent use, other metals, including Cu, have been anodized.



Reyter et al. [86,87] demonstrated that a nanostructured and highly electrocatalytic surface can be obtained by anodization of a polycrystalline copper electrode in 1 M NaOH. They showed that this process results in the formation of Cu(OH)2 nanorods on the Cu surface. These nanostructures can then be thermally reduced under H2 atmosphere and converted to metallic copper nanowires with a rough nanostructure surface. The same approach was applied by Wang et al. [88] for the formation of Cu nanowires on Cu foam. (Figure 10).



Chen et al. [89] prepared core–shell Cu@Cu6Sn5 nanowires with a three-dimensional structure through an electrodeposition process using Cu(OH)2 nanostructures obtained by anodization of the Cu substrate. Anodization was performed in 1 M NaOH aqueous solution under a constant current of 8 mA and at room temperature. The anodized Cu foil prepared in this way was used for electrodeposition of the Sn–Cu composite [89].




Anodic Treatment in Acid Electrolytes


Pauric et al. [90] demonstrated that a Cu surface with a regular morphology and a porous structure at the sub-micrometer scale can be obtained by anodic treatment of highly concentrated phosphoric or sulfuric acids. This approach requires a very viscous electrolyte with sufficient conductivity. Essential for this method is the presence of a small residual amount of water and a sufficiently high voltage to provide an intensive oxygen bubble evolution. Furthermore, it has been demonstrated that the thickness of the porous layer can be flexibly scaled up to over one micrometer and that the formation process can be performed independently of substrate purity or crystallographic features [90].



Another original electrochemical approach for tuning the morphology of structured Cu was proposed by Pham et al. [91]. They reported a complex strategy for controllable modulation of multiple parameters, including porosity, wetting properties, and transport, by applying different electrochemical steps. In particular, hierarchically designed copper inverse opal was created for enhanced liquid transport through the pores. This step was followed by electropolishing to systematically modulate the structural porosity. Finally, electrodeposition of the oxide layer and further electrochemical oxidation enabled functionalization of the porous structure [91].





2.2.3. Summary of Section 2.2


Template-free methods for 3D Cu CC formation do not involve the use of any techniques for shape control of the copper deposits, which makes these approaches generally uncomplicated. By means of electrochemical de-alloying, a three-dimensional ligament-channel 3D Cu structure can be obtained. Materials created in this way offer a large specific surface area, which is typical for the other types of 3D Cu CCs as well, enabling several potential applications. Critical aspects of this method involve the alloy’s composition and structure and the de-alloying potential, fine-tuning of which are essential for the structural morphology, physical properties, and composition of the obtained 3D material. These challenges limit the easy and straightforward practical application of these methods to a certain extent, as strict control over those parameters is necessary.



Depending on the electrolyte media, anodic treatment of the pure Cu phase provides additional possibilities for structuring and modification. In particular, anodization of already-formed 3D Cu CCs in alkaline media results in the formation of Cu(OH)2 with a nanomorphology that can be further chemically modified. Alternatively, anodic treatment of Cu in a highly concentrated acidic solution can be used to obtain sub-micrometer porosity for modulation of the fine surface morphology of 3D Cu materials synthesized by other methods.






3. Electrochemical Characterization of 3D Cu CCs


3D micro- and nanostructured materials display a number of properties that make them favorable for multiple applications, including energy conversion and storage. Traditionally, structured Cu materials are physically and electrochemically characterized to reveal their active surface area, porosity, mechanical and electrochemical stability, and electrical properties. Additionally, the ionic transport of different chemical species in 3D structured materials is important in electrocatalytic and energy storage applications. In this section, a number of electrochemical methods for 3D Cu characterization are discussed, including both popular and unconventional approaches. Please note that the characterization of 3D Cu materials by means of physical and spectroscopic methods is outside the scope of the current review paper.



3.1. Electrochemical Stability


The electrochemical stability of current collectors is important for their normal operation in relation to the particular application where they are planned. In water-based electrolytes, copper anodic stability is limited by its oxidation, which leads to complete dissolution in acid media (pH < 3; E0 = 0.34 V vs. SHE) or to the formation of Cu(OH)2 in alkaline solutions (pH > 12). In the intermediate pH region (3 < pH < 12), the electro-oxidation of metallic Cu yields a Cu2O layer. Furthermore, it has to be taken into account that the oxidation potential of Cu depends on the solution acidity. At pH < 3, Cu dissolves at a constant potential, while with a decrease in acidity the equilibrium potential of Cu drops significantly (E0 = −0.25 at pH = 12) [92]. In order to study the electrochemical stability of Cu in water-based electrolytes, the equilibrium potential can be measured against known reference electrodes; further, the redox behavior of Cu can be investigated by voltammetry in the particular electrolyte composition. The discussed potential shift is evident in voltammetric measurements of electrolytes with differences in pH [92].



Cu CCs have numerous applications that involve operating in non-water-based electrolytes, e.g., in Li ion organic solutions. Therefore, the electrochemical stability of Cu in organic-based media is an important property. Definite differences in the electrochemical performance of Cu CCs can be observed in organic electrolytes, in the absence of water. For example, in Li ion organic carbonate-based electrolytes, Cu CCs start to dissolve intensely at about E = 3.5 V vs. Li or Li+ electrodes. Compared to this behavior, Cu shows a minor redox activity in [EMIm][TFSI] and [BMIm][TFSI] ionic liquid electrolytes, which may be beneficial for increasing the safety of lithium-ion batteries, especially in the over-charged state [93].




3.2. Surface Area


The electrochemically active surface area (AECSA) is an important characteristic of active materials and supports suitable for electrocatalysis and energy storage applications. There are a number of electrochemical strategies for determining the AECSA of metallic nano- and microstructured electrode materials. Nevertheless, the particular determination of the AECSA of Cu structured materials remains underexplored.



Cyclic voltammetry was applied by Giri et al. to electrochemically estimate the AECSA of copper powder [94]. Three CV approaches were applied to assess the AECSA of the electrode material, including (1) voltammetric stripping of a UPD-deposited Pb monolayer, (2) by means of the double-layer capacitance obtained by CV, and (3) by voltammetric analysis of surface monolayer oxide formation.



3.2.1. Underpotential Deposition of Pb


The UPD method is an electrodeposition process of metal atoms of one metal onto a surface of another metal; it can take place at potentials more positive than the equilibrium potential, and is typically limited to only one monolayer. This phenomenon is an interesting demonstration of a stronger binding of the metal atom to the foreign substrate than to its own bulk phase. Many studies on the UPD of relatively active elements on noble metal surfaces (e.g., Au, Pt, etc.) can be found in the literature [94,95,96]. Characteristically, lead atoms can be underpotentially deposited on copper surfaces [94]; thus, the AECSA of copper can be assessed using the charge passed due to the deposition or dissolution processes. Bulk and UPD Pb deposition and dissolution phenomena are presented on the voltammogram in Figure 11, left. The Pb monolayer stripping charge can be used to estimate the AECSA. The charge areal density during the UPD process depends strongly on the crystal planes presented on the substrate surface. In the case of polycrystalline copper, an equal contribution from the three basic planes (1 0 0), (1 1 0), and (1 1 1) can be assumed; therefore, the average charge amount corresponding to one monolayer is 250 μC/cm2 [94].




3.2.2. Double-Layer Capacitance


The capacitive surface charge/discharge phenomenon of the electric double layer (EDL) in the electrolyte solution can be applied for the AECSA assessment [94,97]. The EDL capacitance depends on the AECSA of the electrode material and its physical properties (dielectric constant). For the purpose of AECSA evaluation by cyclic voltammetry, curves at different scan rates have to be obtained in an acidic solution (e.g., 0.1 M HClO4) in the absence of the Faradaic reaction (Figure 11, right). EDL capacitance (dQ/dE) can be calculated from the slope of the current vs. the scan rate dependence. After the estimation of EDL capacitance, the AECSA can be determined by dividing the acquired EDL capacitance value by the surface area-specific reference capacitance value (Cref = 28 μF/cm2) [94].




3.2.3. Cu Electro-Oxidation


The electrochemical oxidation of Cu in alkaline solution results in the successive formation of Cu2O, CuO, and Cu(OH)2. These oxygen-containing products can be reversibly reduced back to copper. The first redox process during the oxidation CV scan corresponds to Cu2O formation [94]. For estimation of the AECSA, it can be assumed that the formation of Cu2O proceeds in the form of a monolayer. It has been determined that the charge density factor (charge per unit surface area) for the formation of the Cu2O monolayer is 352 μC/cm2 [94,98,99].



Zankowski et al. [100] compared different methods for evaluating the AECSA of Ni nanomesh obtained by the AAO template method, including voltammetric analysis, impedance spectroscopy, and BET. Their results are summarized in Figure 12. A linear increase in the voltammetric charge, peak current, and EIS double-layer capacitance with the thickness of the nanomesh and its surface area was observed. The highest accuracy in determining the surface area is provided by the method based on electrochemical surface oxidation and the double layer capacitance, for which the AECSA assessment is in good agreement with that obtained by geometrical modeling and BET [100] (Figure 12).





3.3. Porosity


Porosity is a central property of structured current collectors, and is directly related to their function as electrodes. It can be defined as the ratio of the real pore volume Vpore to the total geometrical volume of the material Vtotal (Equation (1)). On the other hand, Vtotal is the sum of Vpore and the volume of the structured solid metal Vsolid, which corresponds to the volume of the nanowires, nanofoam, or any specific Cu nanostructure. Therefore, the porosity P can be calculated using the following expression (Equation (1)).


  P =    V  p o r e      V  t o t a l     · 100 =   1 −    V  s o l i d      V  t o t a l       · 100  



(1)







If the structured material forms a homogeneous layer with constant thickness, its Vtotal can be easily determined by measuring its thickness. Vpore can be calculated from the relation Vpore = Vtotal − Vsolid, where the volume of the nanostructure Vsolid can be estimated Coulometrically from Faraday’s law using its deposition or dissolution charge [100].




3.4. Ionic Transport


An accelerated level of ionic transport, i.e., high ionic conductivity, in the porous structure is an essential condition enabling normal electrode operation in any electrochemical application. It is, however, challenging to precisely evaluate the ionic conductivity in porous materials, as porous electrodes are involved in different parallel phenomena that affect the total impedance of the structure. These include, for instance, (i) mixed conduction with both electron and ion species, modeled as electric resistance (Re), electrolyte bulk resistance (Rsol), and ionic resistance in pores (Rion); (ii) electric double layer charging (Cdl); (iii) charge transfer due to redox process (Rct); and (iv) mass transport of electroactive species [101,102,103,104].



To overcome this challenge, de Levie et al. built a theoretical impedance model for the interpretation of cylindrical porous system impedance, which they developed and applied to different conductive porous electrodes filled with electrolytes [101,102,103,104]. Their theoretical approach was based on transmission line models (TLMs), which have equivalent circuits for non-Faradaic and Faradaic processes, as presented in Figure 13. The corresponding impedances can be modeled using the following equations, (Equations (2) and (3)) [101].


   Z  n o n f a r a d i c   =      R  i o n , L     j ω  C  d l , A   2 π r     c o t h    R  i o n , L   j ω  C  d l , A   2 π r   L  



(2)






   Z  f a r a d i c   =      R  i o n , L    R  c t , A       1 + j ω  R  c t , A    C  d l , A     2 π r     c o t h      R  i o n , L     1 + j ω  R  c t , A    C  d l , A     2 π r    R  c t , A       L  



(3)







The ionic resistance Rion in the pores can be obtained by extrapolating the impedance signal towards the low-frequency limits, (Equations (4) and (5)):


   Z  n o n f a r a d i c , ω → 0   =    R  i o n    3   



(4)






   Z  f a r a d i c , ω → 0   =    R  i o n    3  +  R  c t    



(5)




where Znonfaradic and Zfaradic are the impedances of the pore in case of the absence and presence, respectively, of Faradaic reaction, Cdl is the double-layer capacitance, Rct is the charge transfer resistance and L—the pore length.



To the best of our knowledge, this theoretical approach for the evaluation of Rion has not yet been applied to Cu porous systems.




3.5. Summary of Section 3


The possibilities for electrochemical characterization of practically relevant 3D Cu CC properties are currently underexplored. Electrochemical stability, surface area, porosity, and ionic transport in the 3D Cu structure are properties that can be evaluated electrochemically using simple and available techniques. While only scarce data about the specific surface area of 3D Cu and its porosity are available in the literature, investigation of the ionic transport in 3D Cu has, to the best of our knowledge, not yet been studied. AECSA, P, and Rion are important parameters for the practical application of 3D Cu CCs; additional knowledge about ways to measure them would permit more efficient application of 3D Cu CCs and allow better modeling of the relevant processes.





4. Application of Structured Cu CCs in Energy Conversion and Storage


In this section, the most important applications of electrochemically obtained structured Cu CCs in the field of energy conversion and storage are presented. In this growing field, relevant battery, capacitor, and electrocatalytic applications are considered. Where possible, the usefulness of the relevant Cu CC formation techniques compared to alternative methods is discussed.



4.1. Electrocatalysis


Cu CCs can play a key role in certain electrochemical devices that are based on electrocatalytic reactions. Cu is highly conductive and can be used to provide fast electron transfer in an electrochemical system. The implementation of Cu CCs is mainly effective when used as a negative electrode, i.e., at relatively low potentials. This is because Cu metal dissolves easily into Cu2+ when used as a positive electrode, especially in acidic electrolytes (E0 = −0.34 V vs. SHE). In Li ion organic electrolyte, its dissolution starts at E = 3.5 V vs. Li, Li+. This redox behavior is associated with the lack of a stable passive oxide layer formed on the Cu surface, which could be able to protect the metal from further bulk oxidation. As a result of these redox properties, the application of Cu CCs is limited to a relatively narrow potential range. Several of the interesting and important applications of Cu CCs are discussed below.



In several of these applications, structured Cu CCs are used as substrates and coated with an active catalyst, which lowers the overpotential for the electrochemical reaction and consequently enhances the efficiency of the electrochemical devices. In this case, the catalysts used to trigger and accelerate the electrochemical reactions are selected based on the application.



4.1.1. Hydrogen Evolution Reaction (HER)


In recent years, the development of catalysts for HER has been growing significantly. Among these catalysts, noble metals such as Pt are acknowledged as the benchmark due to their low overpotential and high efficiency towards the HER [105]. The use of 3D nanostructured Cu foams allows the catalyst to be deposited in low amounts, while preserving its high catalytic performance due to the increased active surface area.



An interesting approach was conducted by Rezaei et al. [106], who deposited a bi-metallic Pt/Pd catalyst on Cu foam with dendritic pore walls using a galvanic replacement reaction method. This approach has the advantage of replacing the Cu atoms with Pd and/or Pt only at the surface, realizing a very low and self-limiting thickness of the catalytic material. In this way, a thin and homogenous layer of the metal coating can be achieved. Pd65Pt35 catalysts with a bimetallic layer have shown promising results by lowering the overpotential of the HER, as shown in Figure 14. Pristine Pt and Pd coatings exhibit an overpotential of 240 mV and 51 mV for HER, respectively, while the bimetallic Pd65Pt35 electrode displays a remarkably low overpotential of only 5 mV. The observed strong catalytic effect is associated with the high catalytic activity of the Pt/Pd bimetallic layer, and is accelerated by the extremely high surface area of the Cu foam.



Providing a replacement material that can represent an alternative to expensive noble metals is an essential part of reducing the overall production cost of HER electrodes. This economically useful strategy was explored by Das et al. [107], who used Ni-based alloys such as nickel phosphide (Ni5P4) as an electrocatalyst. A single-phase Ni5P4 catalyst is less expensive compared to pure noble metals; furthermore, Ni5P4 can be electrodeposited on a Cu foam substrate using the galvanostatic method [107]. The increased surface area of the Cu foam helps to improve the charge and mass transfer, which in turn significantly enhances the catalytic performance. The deposition of Ni5P4 catalysts on a Cu foam electrode achieved a low overpotential of 160 mV for the HER, which is considerably lower than the achieved with the deposition of Ni5P4 catalysts on other substrates. These results reveal the importance of structured Cu foam in enhancing electrochemical activity, such as the adsorption of the H+ ions for the hydrogen evolution reaction [107].




4.1.2. CO2 Reduction


In recent years, there has been growing interest in research on electrochemical CO2 reduction due to the rising environmental risk from increasing CO2 concentrations in the atmosphere. For this application, Cu is considered the only metal able to electrochemically convert CO2 into C1 (methane and methanol), C2 (ethylene and ethyl alcohol), and even C3 (propane, propylene, and propyl alcohol) products [108]. Several investigations have aimed to better understand the selectivity of the Cu catalysts in obtaining these products. It was later discovered that product formation depends on the facet’s orientation with respect to the Cu surface [109]. The C1 pathway is preferential on Cu(111) surfaces, while the C2 pathway is more likely to generated products on Cu(100) surfaces due to higher C-C coupling activity attributed to the higher binding energy of adsorbed *CO on Cu(100) facets compared to Cu(111).



The implementation of Cu foam as a catalyst and electrode for CO reduction was summarized by Vestergom et al. [108], where quantification of the CO2 reduction products at different current densities on a flat Cu wafer and Cu foam was presented (Figure 15).



The high surface area of Cu foam significantly increases the current density, resulting in a higher number of products, and generates higher selectivity towards ethylene (C2H4) and ethane (C2H6) formation, with a combined Faradaic efficiency (FE) of 55% at a fixed voltage of −0.8 V vs. RHE. This is mainly influenced by the pore size diameter of the foam structure, as well as by its thickness. Dutta et al. [108] identified temporal trapping of gaseous intermediates such as CO, H2, and C2H4 inside the dendritic mesoporous structure, which enhances the selectivity with respect to C2 products.



Another fascinating innovation for this application is the use of a highly ordered copper inverse opal structure (Cu-IO) by Song et al. [59]. The structured Cu-IO was synthesized using a polystyrene (PS) bead template with different layer thicknesses on a sputtered Au substrate. The six-layered Cu-IO generated the highest FE for C2 products such as ethylene (at ~30%) and ethanol (at 10%) when applied at a fixed potential of 0.8 V vs. RHE. Though an increased number of layered Cu-IO (up to twelve layers) reduced the overpotential of the generated gas products due to the enhanced active surface area, these structures did not improve the overall selectivity or FE. In comparison with Cu foam, the selectivity and concentration with respect to C2 products were superior to those of Cu-IO.





4.2. Energy Storage


Energy storage is possibly the most frequent electrochemical application of structured Cu CCs. In this section, the most significant types of structured Cu CC applications are briefly summarized, and the role of the different technologies for Cu CC fabrication is discussed. The crucial Cu CC properties that are essential for energy storage applications are the porosity and the electroactive surface area. The parallel increase of these parameters has enabled efficient electrochemical process by accelerating both charge transfer and ionic transport. The methods presented in Section 2 for structured Cu CC formation provide a number of excellent possibilities for increasing active surface area and porosity while at the same time enhancing the mechanical stability of the deposited active materials during ion insertion reaction by reducing the accumulated internal stress.



The utilization of 3D Cu CCs for diverse electrochemical energy storage applications can be categorized by relevance to the specific electrode function, including (a) active electrode materials, (b) 3D scaffolds/templates, and (c) conductive substrates/current collectors [2]. In this work, in order to compare the different Cu formation methods, the focus has been on the most popular uses of Cu CCs, namely, as anodes in Li ion batteries and supercapacitors.



4.2.1. In Li Metal Battery Anodes


Li metal has the highest capacity as an anode material for Li ion batteries. However, the high reactivity of Li, its large volume changes, and fast Li dendrite formation greatly affect the performance and safety of Li metal batteries. Therefore, the most serious challenges in this field are low Coulombic efficiency and uncontrollable Li dendrite formation [110,111,112]. One original solution to the problem of Li deposition is to influence the nucleation and growth of Li by application of 3D structured Cu CCs, which provide the following benefits: (1) reduced local current density, (2) slowing mossy and dendritic growth of Li, and (3) buffering the volume change during Li metal growth. This idea has been realized by the application of structured 3D Cu CCs, mostly obtained by means of DHBT [113,114,115,116] and less frequently by the AAO template [31,117], inverse opal [118], and electrochemical de-alloying [78,119] techniques.



The DHBT approach has displayed the most visibly positive effects from structured 3D Cu CCs, which is probably associated with the resulting very high active surface area. Chen et al. [114] applied a self-supporting dendritic copper porous film formed with the assistance of hydrogen bubbles as the substrate for Li plating/stripping. It was found that Li initially forms uniformly on the surface of Cu nanoparticles and grows laterally along Cu dendrites, which results in filling the pores of the 3D Cu CC. In this way, the vertical growth of Li dendrites is effectively inhibited. This allows successful cycling with a high current density (up to 3 mA cm−2), a high real capacity of 6 mA h cm−2 of the anode, high Coulombic efficiency of 98%, and long cycling stability over 2400 h (i.e., 1200 cycles) [114]. Comparably positive results were obtained by Qiu et al., who used the same DHBT approach [113] (Figure 16).



Tang et al. [120] demonstrated the unique structural benefits of a 3D structured Cu current collector formed by self-assembly using a PMMA spherical particle template. The anode based on this structure can operate stably for 750 h at 0.2 mA/cm2 with a very small Li electroplating/stripping overpotential (<30 mV) and up to 93.3% Coulombic efficiency over 120 cycles [120]. Although somewhat less effective than the simple DHBT approach, the particle template strategy demonstrates the high performance of 3D Cu nanostructures for Li plating stripping. Using the same PMMA particle template, the performance of the resulting inverse opal structure was enhanced by pulse electroplating with a lithiophilic Zn layer. In this way, an improved rate performance of the 3D Cu CC for Li metal deposition at current densities of 0.2, 0.5, 1.0, and 2.0 mA cm−2 was demonstrated [118].



A few works on electrochemical dealloying [78,119] have presented very competitive results as well. Using this method, Zhao et al. prepared a compact 3D Cu current collector with a uniform porous structure for Li metal batteries using an easily controllable and low-cost voltammetric etching approach with Cu–Zn tape. The anode showed stable cycling for at least 400 h under high Li utilization (1 mA h cm−2) and a high current density of 1 mA cm−2. Furthermore, the 3D Cu||LiFePO4 full cells displayed excellent cycling and rate performances as well [119].



Another interesting though technically more challenging approach is the application of the AAO template method to obtain the Cu nanostructure followed by transformation to a lithiophilic hyperbranched CuxO nanostructure. This type of surface modification permits Li deposition with minimal nucleation work, which induces more homogeneous Li nucleation and growth. Consequently, the nanostructured Cu@CuxO anode displays a low Li deposition overpotential of 44.3 mV, high Coulombic efficiency of 98.33%, and good rate performance, which allows current densities up to 5 mA/cm2 to be applied [117]. Thanks to the benefits of this modification, Cu structures obtained by the AAO template method can compete with the cycling performance of materials formed by the DHBT and electrochemical de-alloying techniques. Nevertheless, the technical simplicity of DHBT remains an important advantage.



It has to be noted that the 3D Cu CC structure alone is not a universal solution to the problem of insufficient anode performance in Li metal batteries. On the one hand, the implementation of 3D Cu CC can improve the Li deposition and cycling stability of Li metal battery anodes. However, due to side reactions between the Li and electrolyte, the increased exposed interfacial area of the 3D Cu CC results in enhanced depletion of the electrolyte and accelerated consumption of the Li metal inventory. Therefore, in real battery conditions improving the anode performance is only possible by simultaneously stabilizing the Li plating and circumventing the side reactions that reduce anode efficiency and lead to depletion of the electrolyte. Thus, there is intensive ongoing research into the development of stable and efficient electrolytes for Li metal batteries [121].




4.2.2. 3D Cu CCs for Si Anodes in Li Ion Batteries


The cycling performance and in situ mechanical stability of many anode materials used for energy storage, e.g., Si. Sn, NiP, and different TMOs, can be improved by using 3D structured porous substrates as current collectors. Among these examples, the mechanical stabilization and performance improvement of Si when used as an anode material has been the aim of a large number of works. In this context, Si electrodeposition in DHBT-formed Cu is one original recent approach [122,123,124].



In this application, Si is electrochemically deposited on free-standing porous Cu deposited by the DHBT method [124]. The authors concluded that the porous morphology of the substrate and the composition of the electrolyte used for Si deposition have a combined impact for the improved electrode performance. The best electrochemical properties in terms of specific capacity, rate capability, and long-term cycling were observed for Si deposited using sulfolane electrolyte in a p-Cu substrate, specifically, a stable reversible capacity of 2500 mAh g−1 during the first 250 cycles and promising capacity retention (Figure 17). The authors attributed this positive effect to the improved mechanical stability of the active material and to accelerated ionic transport in the porous structure of the anode. Cycling performance approaching these values has been presented by Suk et al. as well [122].




4.2.3. Supercapacitors


3D structured copper, particularly copper foam obtained by DHBT, has been investigated as an active material for supercapacitors. A Cu(II)/Cu(0) reversible surface redox couple has been considered as an active process responsible for the pseudocapacitance. Mirzaee et al. [125] studied the influence of the morphology and porosity of dendritic Cu structures tuned by means of acetic acid as a hydrogen bubble stabilizer on the measured capacitance. After structural 3D Cu foam optimization, capacitance values reaching 102.7 F g−1 were obtained, with capacitance retention of 90% after 6000 cycles at a cycling current density of 20 mA cm−2.



An improvement in the cycling performance was observed after replacement of the Cu foam with a bimetallic Ni–Cu foam. In this case, the pseudocapacitive behavior was associated with the reversible Ni3+/Ni2+ redox couple [126]. Additionally, Lange et al. demonstrated significant improvement in capacitance when an electrodeposited Cu–Fe composite foam was used [127]. These examples demonstrate that DHBT-derived Cuf has the potential to be utilized as the active material for supercapacitors with sufficiently good performance. However, there is scope for including new functional properties, as well as for precise adjustment and modification of the nanostructure for applications in other fields involving energy storage systems.





4.3. Summary of Section 4


3D electrochemically structured Cu CCs are employed in electrocatalytic and energy storage applications, including HERs, CO2 reduction, anode CCs in rechargeable batteries (mostly LIBs), and supercapacitors. The positive effects of 3D Cu CCs are associated with their large surface area and micro-/nanoporous structure. This enables the local current density and reaction overpotential to be reduced. Furthermore, nanostructured Cu CCs can provide mechanical stabilization of the coated active materials during ion insertion and, in parallel, shortening of the diffusion length of the electroactive species, resulting in more efficient battery anode operation. DHBT currently dominates the research on electrochemical applications of this material, as it is a simple and low-cost strategy for 3D Cu CC formation.





5. Conclusions and Outlook


There are multiple methods for the formation of 3D Cu CCs that find practical application in many fields of research and technology, primarily as current collectors in electrochemical energy storage and electrocatalysis. Among these strategies, electrochemical techniques offer useful alternative solutions in terms of higher technical flexibility, simplicity, and cost reduction, attracting the attention of many researchers and development engineers. This review provides a systematic analysis of the electrochemical methods for 3D Cu CC formation, an overview of the main electrochemical approaches for the characterization of the most relevant functional 3D CCs properties, and useful examples of their application. Based on a comprehensive analysis of the available literature, the following concluding statements can be formulated:




	
The most frequently used and important electrochemical methods for 3D Cu CC formation are presented. This comprises a brief overview of the methodological principles, followed by examples illustrating the conditions for their particular implementation (i.e., experimental setup, electrochemical parameters, electrolyte composition, and product morphology). Thus, the displayed information enables straightforward application of these strategies by a broad range of specialists in the field.



	
DHBT is the simplest and most economical 3D Cu CC formation technique in comparison to the alternatives, which require template assembly and additional technological steps. This method utilizes relatively high deposition currents, essential for the intensive HER, which might require extra current boosting of the conventional potentiostat/galvanostat devices. Furthermore, a second dendrite reinforcement step is necessary to achieve better mechanical stability of the structure, which offers the possibility of forming free-standing 3D Cu CCs. The large active surface area of 3D Cu CCs with dendrites is highly beneficial for energy conversion and sensing devices, while due to their reinforced mechanical strength free-standing 3D Cu CCs provide unique features that can be utilized in closed and compact cells, e.g., battery cells (cylindrical, coin, and pouch cells) and/or stack electrochemical cells (electrolyzer or reduction cells). The formation of free-standing 3D Cu CCs opens up new possibilities for the development of various interesting electrochemical applications.



	
Electrochemical characterization of the active surface and porosity of 3D Cu CCs is a simple and low-cost approach. However, it remains an underexplored area in terms of establishing the limits of these methods for the analysis of different 3D Cu types. In order to associate the functional behavior of 3D Cu CCs with their structural properties, quantitative data about the electrochemically active surface area, porosity, and ionic transport in the porous structure are required. This can assist in comparing materials obtained by different methods and make analysis less empirical.



	
Electrochemically obtained 3D Cu CCs have demonstrated their application in multiple fields, including Li ion batteries, HER, CO2 reduction, etc. The 3D Cu structures formed by means of the DHBT, AAO template, and electrochemical de-alloying methods present comparable performance as CCs for anodes in Li metal batteries. However, owing to its simplicity, the DHBT approach is more frequently applied, and is preferred for research. Electrochemically structured 3D Cu CCs enable reduction of the local current density and reaction overpotential, mechanical stabilization of the deposited functional material during operation, and the possibility of additional modification. Furthermore, the effortless integration of an active electrocatalyst into 3D Cu CCs makes them greatly attractive for important applications with high energy and environmental impact.












Author Contributions


Conceptualization, S.I.; formal analysis, S.I. and M.K.; writing—original draft preparation, M.K.; writing—review and editing, S.I. and M.K.; visualization, M.K.; supervision, S.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


This review article does not include any new data.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations








	AAO
	Anodic aluminum oxide



	AC
	Alternating current



	ALD
	Atomic layer deposition



	BET
	Brunauer, Emmett, and Teller theory



	[BMP][TFSI]
	1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide



	[BMP][DCA]
	1-Butyl-1-methylpyrrolidinium dicyanamide



	[BMIm][DCA]
	1-Butyl-3-methylimidazolium dicyanamide



	[BMIm][TFSI]
	1-butyl-3-methylimidazolium-bis(trifluormethylsulfonyl)imide



	C1
	Compounds with one C atom (methane, methanol)



	C2
	Compounds with two C atoms (ethane, ethene, ethanol)



	C3
	Compounds with three C atoms (propane, propylene, propyl alcohol)



	CC
	Current collector



	CE
	Counter electrode



	CTAB
	Cetyltrimethylammonium bromide



	Cuf
	Copper foam



	CV
	Cyclic voltammetry



	CVD
	Chemical vapor deposition



	3D
	Three-dimensional



	DC
	Direct current



	DETA
	Diethylenetriamine



	DHBT
	Dynamic hydrogen bubble template



	EIS
	Electrochemical impedance spectroscopy



	EDL
	Electrical double layer



	[EMIm][TFSI]
	1-Ethyl-3-methylimidazolium-bis(trifluormethylsulfonyl)imide



	EMIC
	1-ethyl-3-methyl Imidazolium Chloride



	EPD
	Electrophoretic deposition



	FE
	Faradic efficiency



	FTO
	Fluorine (doped) tin oxide



	HER
	Hydrogen evolution reaction



	IO
	Inverse opal



	ITO
	Indium tin oxide



	LIB
	Li ion battery



	MPSA
	3-mercapto-1-propane sulfonic acid



	NW
	Nanowire



	PC
	Polycarbonate



	p-Cu
	Porous copper



	PEG
	Polyethylene glycol



	PET
	Polyethylene thereftalate



	PVD
	Physical vapor deposition



	PMMA
	Polymethyl methacrylate



	PVDF
	Polyvinylidene fluoride



	PP
	Polypropylene



	PI
	Polyimide



	PS
	Polystyrene



	RE
	Reference electrode



	SCE
	Saturated calomel electrode



	SHE
	Standard hydrogen electrode



	SDS
	Sodium dodecyl sulfate



	SEM
	Scanning electron microscopy



	SS
	Stainless steel



	TFM
	Transmission electron microscopy



	TMO
	Transition metal oxide



	TLM
	Transmission line model



	UPD
	Under potential deposition



	WE
	Working electrode



	Symbols
	



	E0
	Equilibrium potential



	AECSA
	Electrochemically active surface area



	Cref
	Area-specific reference capacitance



	P
	Porosity



	Vtotal
	Geometrical volume of material



	Vpore
	Pore volume



	Vsolid
	Volume of solid metal



	Rsol
	Electrolyte bulk resistance



	Rion
	Electrolyte resistance in the pores



	Cdl
	Electrical double layer capacitance



	Rct
	Charge transfer resistance



	ω
	Angular frequency



	r
	Pore radius



	L
	Pore length



	Znonfaradic
	Non-Faradaic impedance



	Zfaradic
	Faradaic impedance
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Figure 1. (a) Schematic diagram of a typical Li ion battery, (b) weight percentages of the main components in an LIB, (c) historical timeline of the development of current collectors for LIBs in industry (yellow) and academia (red) [1] (with permission from Elsevier). 
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Figure 2. Schematic of free-standing Cu nanorod fabrication [15] (with permission from Elsevier). 
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Figure 3. Parameters that influence AAO pore diameter, which are indicated by arrows (left) and thickness of the barrier layer as a function of the anodizing potential for AAO layers grown in different electrolytes (right) [23] (with permission from Wiley). 
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Figure 5. TEM imaging of Cu nanowires (a) and Ni nanowire (b) deposited by means of a PS template, demonstrating the irregular wire diameter (left) and diameter distribution of nanopores in PS membranes with nominal pore sizes of 10 and 50 nm (right) [38,39] (with permission from Elsevier). 
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Figure 6. A photograph (left) of electrodeposited samples, showing the contrast in permeability of the electrolyte in the voids enclosed by the PSs: (a) the templates used for samples I and II were respectively unmodified and modified with SDS; (b,c) schemes showing the permeability of the electrolyte with and without surface-modification, respectively. SEM images (right) of 3D macroporous copper films: (a) the section of copper film before removal of the colloid template, (b,c) the pore sizes of 490 nm and 345 nm, respectively [54] (with permission from Elsevier). 
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Figure 7. SEM images of porous copper films electrodeposited at different current densities: (a)/(f) 0.5 A·cm−2, (b)/(g) 1 A·cm−2, (c)/(h) 1.5 A·cm−2, (d)/(i) 2 A·cm−2, (e)/(j) 2.5 A·cm−2 [64] (open access). 
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Figure 8. Variation of surface pore size (a, upper left) and layer thickness (b, upper right) of electrodeposited Cu in electrolytes with different CuSO4 concentrations. SEM imaging (down) of Cu foam electrodeposited for 20 s in an electrolyte containing 0.4 M CuSO4, 1.5 M H2SO4, and different amounts of HCL: 1 mM (a,b), 10 mM (c,d), and 50 mM (e,f) [67] (with permission from the American Chemical Society). 
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Figure 9. Schematic representation of the electrochemical preparation process of the substrate−bound and free-standing porous Cu and Cu/Cu2O (left) and image showing the free-standing porous Cu (right) [70] (open access). 
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Figure 10. Fabrication of Cu NW-Cu current collector: (a) schematic illustration showing the preparation process of Cu nanowires and their in situ growth on Cu foam along with SEM images of (b) bare Cu foam, (c) CuO NW-Cu, and (d) Cu NW-Cu [88] (with permission from Elsevier). 
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Figure 11. Cyclic voltammetry of copper powder in Ar-saturated 0.01 M HClO4 + 1 mM PbCl2 solution at a scan rate of 10 mV/s (left) and plot of the double layer current vs. scan rate (right). The slope of the straight line is the capacitance in mF. The insert in the right figure shows the cyclic voltammograms of the drop-cast copper powder electrode in Ar-saturated 0.1 M HClO4 solution at a scan rate of 100 mV/s, 150 mV/s, 200 mV/s, and 250 mV/s [94] (with permission from Elsevier). 
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Figure 12. Nanomesh surface area analyzed using (a) CV charge, (b) CV current, and (c) EIS double layer capacitance together with the geometrical and BET surface area [100] (open access). 
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Figure 13. Schematic representations of electrode structures and their equivalent circuit models [101] (with permission from the American Chemical Society). 
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Figure 14. Linear scan voltammogram of different electrodes: (a) planar Cu, (b) Cu nanofoam, (c) Pd on Cu nanofoam, (d) Pt on Cu nanofoam, and (e) Pd65Pt35 on Cu nanofoam. The experiments were performed in 0.5 M H2SO4 solution at a scan rate of 50 mV s−1. The inset shows cyclic voltammograms of Pd65Pt35 on a Cu nanofoam electrode in the same electrolytes at a scan rate of 10 mV s−1 [106] (with permission from Elsevier). 
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Figure 15. Polarization curves (interpolated) of (a) copper wafer and (b) copper foam with a deposition time of 20 s. The experiments were performed at distinct potentials in a CO2-saturated 0.5 mol dm−3 NaHCO3 solution, and product quantification was determined by an online gas as well as by post-electrolysis ionic liquid chromatography [108] (open access). 
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Figure 16. Cycling performance in symmetrical Li|Li-3D Cu and Li|Li-Cu cells. Voltage–time profiles at (a) 1, (b) 2, and (c) 3 mA cm−2 with a cycling capacity of 1 mA h cm−2 [113] (with permission from Wiley). 
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Figure 17. Evolution of charge capacity of a p-Cu/SL electrode at different current densities (a) and long-term galvanostatic cycling (b) [124] (with permission from Elsevier). 
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Table 1. Copper deposition conditions and wire diameter summarized from selected works for AAO template technique.
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	Electrolyte
	Electrochemical

Parameters
	Cell Configuration/

Substrate
	Cu Wire

Diameter

/nm
	Ref.





	0.5 M CuSO4 and 0.5 M H2SO4
	DC galvanostatic

j = 2 mA cm−2
	three-electrode
	80
	[22]



	A: (200 g L−1 CuSO4·5H2O,

90 g L−1 H2SO4)

B: (60 g L−1 CuSO4·5H2O,

180 g L−1H2SO4, 70 mg L−1HCl).

C: (100 g L−1 CuSO4·5H2O, 10 g L−1 (NH4)2SO4, 40 mL L−1 diethylenetriamine (DETA))
	DC potentiostatic

E = 0.1–1 V
	two-electrode

Al vs. Cu
	200
	[29]



	100 g L−1 CuSO4·5H2O,

20 g L−1 (NH4)2SO4, and

80 mL L−1 DETA
	DC potentiostatic

E = 1.2 V
	two-electrode

2 Cu disks
	200
	[15]



	100 g L−1 CuSO4 5H2O,

20 g L−1 (NH4)2SO4,

80 mL L−1 DETA
	two-step pulse

cathodic

current profile:

−0.002 A, 0.25 s,

−0.03 A, 0.05 s,

20,000 cycles
	two-electrode

Ni vs. Cu
	200
	[30]



	100 g L−1 CuSO4·5H2O,

20 g L−1 (NH4)2SO4,

80 mL L−1DETA,
	1st step:

250 ms pulse E = −1.7 V vs. Ag/AgCl,

2nd step:

250 and 50 ms, pulses

j = −6 and j = −90 mA cm−2,

respectively
	three-electrode

Cu vs. Cu
	340
	[31]



	100 g L−1 CuSO4·5H2O,

20 g L−1 (NH4)2SO4, 80 mL L−1 DETA,
	DC, galvanostatic

j = −2 mAcm−2, 250 ms.

For the next 50 ms, j = −30 mA cm−2
	two-electrode

Cu-Cu
	200
	[27]



	0.5 M CuSO4,

0.5 M H2SO4
	DC galvanostatic

j = 5 mA cm−2

t = 60 min
	three-electrode

Pt pseudo-reference and counter electrodes
	60–105
	[32]



	0.50 M CuSO4, 0.285 M H3BO3
	continuous 200 Hz sine wave at 10 Vrms for 10 min
	anodized Al cathode and 2 Cu plates anodes
	16
	[28]



	238 g L−1 CuSO4·5H2O and 2 g/L H2SO4
	DC, potentiostatic

the applied voltage was 2 V.
	two-electrode
	50–80
	[33]



	250 g L−1 CuSO4·5H2O, 45 g L−1 H3BO3
	identical duty cycle consisting of 5 ms for the working regime (−8.5 V vs. Ag/AgCl) and 95 ms of resting regime (0 V vs. Ag/AgCl) at various negative voltages
	three-electrode, Ag/AgCl reference, graphite counter electrode.
	27–86
	[34]



	0.50 M CuSO4,

0.57 M H3BO3
	wave and pulse polarity

200 Hz (5-ms duration)

single pulses triggered at 20 Hz (50-ms intervals),

sine wave voltage of 13 Vrms (18.4 Vpeak), square wave voltage of 17 Vpeak.
	two-electrode

Pt counter
	20–35
	[25]



	0.4 M CuSO4, 10% H2SO4 (pH = 2.5)
	DC, galvanostatic

j = 0.001 A
	two-electrode

Cu-Al
	40–80
	[35]



	0.3 M CuSO4

0.1 M H3BO3
	DC, potentiostatic

−0.3 V vs. Ag|AgCl for 30 min
	three-electrode
	35
	[36]
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Table 2. Electrochemical deposition conditions and wire diameter for Cu nanowires grown using PC membrane template.
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	Electrolyte
	Electrochemical

Parameters
	Cell Configuration/

Substrate
	Cu Wire

Diameter/

Template
	Ref.





	0.2 M CuSO4

0.4 M H3BO3
	DC potentiostatic

E = −1 V
	Three-electrode

Au sputtered PC

template (WE),

SCE reference,

Pt-counter
	Cu nanorods;

TEM (Whatman) PC membranes

d = 50 nm
	[41]



	220 g/L Cu2SO4 5H2O 32 g/L H2SO4
	DC potentiostatic

E = 200 mV
	Two-electrode

Cu anode,

Au cathode
	30 μm-thick PC foils (Makrofol-N, Bayer Leverkusen)

d = 25 nm
	[42]



	2.5 N (200 g/L) CuSO4·5H2O

pH 3.14.
	DC galvanostatic

j = 65−0.6 mA/cm2
	Two-electrode

Cu anode
	Nuclepore PC membranes dpore = 800 nm, 11 μm

thickness
	[43]



	200 g CuSO4 5H2O

H2SO4 (10–12 drops) pH 0.9.
	DC potentiostatic

E = 0.8 V (current 0.0137–0.0140 A)
	Two-electrode

Cu anode
	10 mm PC

(Makrofol

KG) foil

dpore = 10 nm
	[44]



	0.60 M CuSO4,

5 × 10−3 M H2SO4 (pH 1.7)
	DC potentiostatic

E = −0.4 V vs. Cu quasi−reference
	Three-electrode
	PC membrane d = 50, 80 nm (Nomura Micro Science Co. Ltd., Okata, Japan), (Toyo Roshi Kaisha Ltd., Tokyo, Japan). d = 100, and 200 nm
	[45]



	0.5 M CuSO4·5H2O 0.01 M H2SO4.
	DC potentiostatic

Overpotential

η = −150 mV
	Three-electrode

Au sputtered onto one side of the PC and reinforced with electrodeposited Cu, Ag/AgCl reference
	PC Nuclepore, Whatman,

dpore = 100 nm
	[46]



	590 mg/L CuSO4.5H2O 30 g/L H3BO3.
	DC, potentiostatic

E = 0.4 V,
	Three-electrode

Pt counter, Ag/AgCl reference, Au or ITO working
	PC spin-coated, irradiated in the

accelerator of the Centre de recherches du

Cyclotron

at Louvain-la-Neuve

dpore = 15–100 nm
	[47]



	75 g L−1

CuSO4·5H2O varied H2SO4 concentrations
	DC potentiostatic

E = 90–500 mV
	Two-electrode
	PC (Makrofol N, Bayer Leverkusen) thickness 30 μm

dwire = 75 nm
	[48]



	0.55 M H2SO4,

0.88 M CuSO4
	DC potentiostatic,

E = −0.4 V to −0.25 V

Vs. Cu ref
	Three-electrode
	(PC) membranes purchased from SPI-pore,

dwire = 400–450 nm
	[49]
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Table 3. Electrochemical deposition conditions and morphology for Cu deposits grown using particle assembly templates.
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	Electrolyte
	Electrochemical

Parameters
	Cell Configuration/

Substrate/

Template
	Morphology
	Ref.





	60 g L−1 Cu2P2O7,

280 g L−1 K4P2O7 3H2O

20 g L−1 (NH4)2HC6H5O7
	DC galvanostatic

I = 3 mA, t = 300 s
	PS spheres

ITO-Pt-SCE;
	Porous

ordered

d = 486 nm;
	[53,54]



	0.2 M CuCl2 [BMIm]DCA
	DC potentiostatic

E = − 0.15 V for 6 min

E = − 0.2 V for 10 min

E = − 0.6 V for 20 min.
	PS spheres

(Duke Scientific, Fremont, CA, USA)

Au-sputtered

and ITO glass

Cu-counter

Cu-reference
	Porous

ordered

d = 600 nm
	[57]



	0.1 M CuSO4,

5 mL L−1 PEG400 MW 1 × 10−6 M KCl
	DC potentiostatic

E= −0.1 V vs. Ag|AgCl
	PS latex

spheres (Duke Scientific Corporation,)

three-electrode

Cu working,

SS counter,

Ag|AgCl reference
	Porous

Ordered

d = 700 nm
	[58]



	commercial acidic Cu-plating solution containing CuSO4
	DC galvanostatic

j = 10 mA cm−2

t = 3, 6, 9, and 12 min
	PS template

synthesized by

electrophoretic deposition (EPD)
	Porous

Ordered

d = 600 nm
	[59]



	0.6 M CuSO4

5 mM H2SO4
	DC potentiostatic 40 min
	PS spheres

three-electrode
	Microporous

ordered

d = 5 μm
	[60]



	100 g L−1,CuSO4·5H2O

20 g L−1 (NH4)2SO4

40 mL L−1 (DETA)
	DC galvanostatic

j = −3 mA cm−2

5 min
	Synthesized

SiO2 spheres

Spin coated
	Porous

ordered

d = 340 nm
	[61]



	9.0 mM CuSO4,

5.0 mM H2SO4

pH 1.35
	DC potentiostatic

E= − 1.0–1.2 V

t = 1200–3600 s
	PS spheres

Three-electrode

Cu anode,

PS-coated

FTO glass

cathode,

SCE reference
	Porous

Ordered

d = 300–500 nm
	[62]



	1.0 g CuSO4⋅5H2O

in 5 mL of Millipore water

2.5 g

DL-lactic acid

pH 9.
	DC potentiostatic

E = −0.7 V–−0.3 V vs.

Ag/AgCl.
	PS (Micro-

particles GmbH).

three-electrode

PS-coated substrate working, Pt counter, Ag/AgCl reference
	Porous

Ordered

d = 248 nm
	[63]
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