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Abstract

:

Combining 1D metal nanotubes and nanowires into cross-linked 2D and 3D architectures represents an attractive design strategy for creating tailored unsupported catalysts. Such materials complement the functionality and high surface area of the nanoscale building blocks with the stability, continuous conduction pathways, efficient mass transfer, and convenient handling of a free-standing, interconnected, open-porous superstructure. This review summarizes synthetic approaches toward metal nano-networks of varying dimensionality, including the assembly of colloidal 1D nanostructures, the buildup of nanofibrous networks by electrospinning, and direct, template-assisted deposition methods. It is outlined how the nanostructure, porosity, network architecture, and composition of such materials can be tuned by the fabrication conditions and additional processing steps. Finally, it is shown how these synthetic tools can be employed for designing and optimizing self-supported metal nano-networks for application in electrocatalysis and related fields.
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1. Introduction


Distributing metal nanoparticles onto high surface area supports represents a prominent catalyst optimization paradigm for improving metal utilization and activity. In such heterogeneous catalyst systems, the support plays multiple roles: It stabilizes the nanoparticles, can modify their reactivity, and (due to usually being present in great excess) markedly affects the catalyst layer structure, in which open porosity is required to ensure accessibility of the active sites. In cases of electrocatalysis, the support also acts as a conductive backbone. However, support utilization comes with drawbacks, such as susceptibility to aging. For instance, carbon support corrosion, which is accompanied by activity loss, metal nanoparticle agglomeration/detachment, and catalyst layer compaction, represents a major issue in fuel cell durability [1]. Also, at high loadings, deeper catalyst regions tend to be occluded, resulting in diminishing returns with respect to metal utilization [2,3].



Thus, efforts to improve support performance [4] are paralleled by an outright opposing strategy, aiming for a complete elimination of the support, which is accompanied by skillful nano- and micro- structuring to alleviate potential disadvantages [5,6,7,8]. For unsupported heterogeneous catalysts, structural tailoring on multiple length scales is vital to overcome the intrinsic problem of achieving good mass activity with materials built solely from metal. On the nanoscale, a high surface area and density of active sites must be ensured alongside durability and efficient exposure of the catalyst material, while the larger scale catalyst architecture is important for achieving efficient mass transfer, electrical conductivity, and mechanical stability.



In this regard, 1D metal nanostructures such as nanotubes and nanowires have garnered considerable attention [5,7,8,9,10,11,12]. Due to their pronounced anisotropy, they provide extended electrical conduction paths [3]. The typically observed high long-term stability of metal nanotubes and nanowires [2,10,11,13], which is related to their resistivity toward common catalyst degradation mechanisms. Due to the lack of support corrosion and their coherent structure, nanoparticle detachment, nanoparticle agglomeration, and Ostwald ripening are less relevant to those materials. In addition, the surface or mass-normalized activities of optimized 1D nanostructures can surpass those of classical metal blacks, nanopowders, and supported nanoparticles [2,10,11,13].



Using metal nanowires and nanotubes as building blocks for creating interconnected superstructures opens up new avenues for further functionality improvement and tuning. Such nano-networks maintain the aforementioned characteristics of the individual nanostructures, while complementing them with the additional benefits of an organized superstructure. For instance, drop-casting a Ag nanowire colloid to form a thin, percolating 2D layer results in a rather high electrical resistance due to the large contact resistance between the individual nanowires [14]. Merging those wires into an interconnected network is the foundation for translating the excellent conductivity of the individual building blocks into a macroscale 2D superstructure [14]. Combining nanowires and nanotubes into 3D networks offers the possibility to build up monolithic, nanostructured catalysts with high porosity, surface area, activity and robustness [2,13].



This review focuses on strategies for fabricating interconnected metal nanowire and nanotube architectures, as well as on implications of the synthetic control over structure and composition on designing and improving materials for electrocatalysis and related applications. Following the synthetic theme, the discussion is structured with respect to the network dimensionality, and subdivided by the general fabrication strategy. It excludes nano-networks composed of other materials (e.g., carbon, oxides, semimetals or conducting polymers [15,16,17,18,19]), which can be obtained with similar approaches to those outlined in this review, as well as nanostructured metals, that can be described as networks, but which are not created from 1D building blocks. This involves the popular nanoporous metals (most prominently, nanoporous Au [20]), which are composed of low aspect ratio ligaments formed by self-ordered segregation during the de-alloying of solid precursor structures, likewise to the well-established Raney Ni catalysts [21], or which can be created by block copolymer templating [22]. Similarly, 3D metal aerogels or 2D interconnected layers formed by the aggregation of 0D nanoparticles [23,24], which are sometimes also termed “nanowire networks” [24,25], are not covered here. For those materials, the reader is referred to the large number of recent reviews, which provide an excellent overview of nanoporous metals [20,22,26,27] and 3D metal nanoparticle aggregates [22,27,28]. In the Supplementary Material, the reader can find tables summarizing the nano-network examples discussed here, sorted by section.



While plentiful reviews cover the topics of 1D metal nanostructures (and their parallel arrays), the work on purposefully interconnected 2D and 3D superstructures is much more fragmented, particularly when seen from the viewpoint of heterogeneous catalysis. Two-dimensional metal nanowire networks are intensively researched, but almost exclusively in the context of transparent conductors. Unsupported 3D metal nano-network catalysts play a role at the intersection of the fuel cell and electrospinning communities. In this field, a thorough understanding of both the nanostructure and the macroscale architecture of the catalyst layer (and their respective impacts on the device functionality) is strived for, whereas most articles concerned with electrocatalytic performance of colloidal 1D nanostructures (which need to be assembled into catalyst layers as well) focus their efforts on the individual nano-object. Ion-track etched polymer templates grant the ability to almost arbitrarily vary the nanostructure density, organization, and diameter. This allows nano-networks to be designed with set free volume, inner surface area, and interconnectivity, and to pinpoint crucial properties such as mechanical stability, electrical/thermal conductivity, accessibility, and metal loading. The opportunities provided by this exceptional degree of synthetic freedom are far from being utilized.



The intention of this review is to contribute to a better connection between these fields, in order to assist in identifying similarities, synergies, and opportunities for further research. For instance, the welding techniques employed for joining 1D metal nanostructures into 2D networks could as well serve for constructing robust monolithic 3D catalyst architectures out of the same building blocks. And the burgeoning field of template-designed 3D nano-networks could take advantage of the rich experience that exists for the compositional and structural tuning of 1D constituents in related approaches. Hopefully, both the beauty of and the intricacies associated with the nanostructures compiled in this work will spark enthusiasm for furthering the rational design of multiscale catalyst architectures.




2. 2D Nano-Networks


2.1. Preparation from Colloidal Building Blocks


Percolating 2D nanowire films are commonly prepared from arrangements of individual nanowires, which are synthesized as colloids by chemical reduction, and then transferred to a substrate via solution processing [29]. Interfacial assembly, followed by transfer of the nanowire film, represents an alternative option [30].



Most of the nanowires employed in this way possess a characteristic, pentagonal cross-section, which is linked to their defined nanostructure: The nanowires are fivefold twinned, expose (111) facets at their tips, and (100) facets along their sides [31] (Figure 1). This specific nanostructure is also key to the formation of the wire morphology by anisotropic growth, which is based on selective metal deposition on the terminating (111) facets, and the breaking of the high symmetry of the metal lattice by twinning. Due to the generality of this growth mode, pentagonal nanowires can be synthesized from a range of fcc metals, most importantly Ag [29] and Cu [29], but also from Pd [32] or Au [33]. Colloidal routes toward metal nanowires with differing nanostructure are available as well, such as ultrathin Au [34] or Pt [35] nanowires.



To produce interconnected 2D networks, the nanowires in solution-deposited thin films are joined (Figure 2), which can be realized with different methods, including electroless plating, pressing, sintering, and halide-assisted and plasmonic welding [14,36,37,38].



The highly anisotropic nature of the nanowire building blocks allows decoupling the electrical conductivity of metals from the reflectivity as another metal-intrinsic property, thus enabling the construction of a highly-translucent film out of a non-transparent material: With metal nanowires, fully percolated networks with continuous conduction paths can be realized at low surface coverages. High quality Ag 2D nanowire networks combine sheet resistances of a few tens of Ω sq−1 with optical transmittances of >90%, and are thus able to challenge the predominant indium tin oxide (ITO) [29]. While the vast majority of such networks is employed as transparent conductors, they also provide interesting platforms for catalytic applications, as they can serve as transparent (as well as flexible) electrocatalyst layers. Along these lines, planar Ag nanowire networks have been utilized as flexible, amperometric H2O2 sensors (Figure 3) [39], and Cu nanowire networks were used in the hydrogen evolution reaction [40]. It should be noted that in such 2D nanowire networks, a trade-off between the nanowire areal density (and thus, the catalytically active surface area) and the optical transmittance has to be made.



To modify their properties and expand on their native catalytic functionality, 2D nanowire networks can also be modified. For instance, Cu networks have been overcoated with a Pt shell by electrodeposition in order to increase their activity in the hydrogen evolution reaction [41], and covered with graphene to protect them against corrosion [40].



Apart from building up networks from colloidal nanowires, solid 2D nanostructures such as nanoplates can also be partially broken down to form porous sheets. This subtractive manufacturing strategy was demonstrated for mesh-like 2D Pd nano-networks [42]. Due to the precisely defined crystallinity of the precursor nanoplates, the obtained Pd nanostructures consisted of meshes of aligned nanowires. In conjunction with the high surface area, the specific nanostructure facilitated a greatly-enhanced mass activity of the nano-meshes in ethanol electrooxidation both over the solid precursor nanoplates and carbon-supported Pd nanoparticles [42]. Also, the Pd nano-meshes represent promising base materials for creating synergetic catalysts: By adding Pt nanoparticles, superior hydrogen evolution catalysts could be obtained [42]. While this example is based on colloidal nanoplate precursors, transferring the approach to flat [43] or free-standing [44] nanoplate architectures and ultrathin metal films would provide a novel route toward 2D and 3D nanomesh architectures.




2.2. Template-Assisted Deposition


Aside from assembling individual nanowires into interconnected films, it is also possible to directly deposit planar metal networks. However, in this case, templates are required to define the specific nanostructure, as typical metal deposition methods (e.g., sputtering, electrodeposition, electroless plating, chemical vapor deposition, or evaporation) tend to yield more or less compact metal layers, not the interlinked, but otherwise mostly void architecture of 2D nano-networks.



Due to shadowing, sputtering results in preferential deposition at exposed substrate features. In combination with nanoporous anodized alumina as the template material, this deposition mechanism allowed the preparation of alumina-supported Pd nanowire networks, which have been applied in chemoresistive hydrogen sensing, showing very short response times due to the excellent accessibility and nanoscale dimensions of the Pd structures (down to 7 nm thickness) [45]. Although this sensing scheme is not based on a catalytic conversion, the same rationale applies to electrocatalytic amperometric sensors. Other templating approaches utilize electroless plating [46] or evaporation [47] to cover electrospun, 2D polymer nanofiber networks with metal. Due to the extremely long and continuous nature of the 1D nanofiber building blocks (and the resulting, outstanding percolation efficiency), very high conductivities and transparencies can be achieved simultaneously with electrospun templates (Figure 4). Extremely thin electrospun nanofiber films can also be enriched with metal precorsors, and converted into metallic networks, as outlined in Section 3.3 in more detail. Two-dimensional Pt nanowire networks prepared this way have been applied as multifunctional component in dye-sensitized solar cells, in which they simultaneously act as electrocatalyst and transparent conductive layer [48].



Metal evaporation in conjunction with grain boundary lithography represents a route toward mesh-like 2D metal nanowire networks [49]. Ordered 2D metal nanowire networks can be obtained by transfer of grating-templated parallel nanowire arrays [50].





3. 3D Nano-Networks


3.1. Preparation from Individual 1D Nanostructures


By simply increasing the amount of drop-coated nanowires, the approach outlined in Section 2.1 can be used to pile up nanowire films of increasing thickness [51], which resemble 3D networks. With this approach, amperometric glucose sensors have been constructed using Prussian blue modified Ag nanowires [52] and Cu nanowires [51]. Pentagonal Ag nanowires also have been employed in the electrochemical reduction of carbon dioxide [53]. Due to the large aspect ratio of the 1D building blocks, the resulting layers are inclined to have a very high porosity, characterized by an open-porous structure with a large fraction of macropores, which is beneficial for applications in catalysis and sensing, and contrasts the more crowded morphology of catalyst layers derived from particulate building blocks. Defect engineering represents an important aspect for tuning the catalytic properties of nanowires [54].



Similarly, networked architectures can be created from metal nanotube suspensions. While it is often not explicitly mentioned, and the catalyst layers are rarely characterized in detail, it can be assumed that many of the studies utilizing metal nanotube electrocatalysts actually employ such network-like architectures. The dispersed metal nanotubes used for the network buildup can be obtained by various methods. Galvanic replacement of colloidal silver, copper, or tellurium nanowires with a more noble metal (e.g., Pt [11,55,56,57], Pd [56,58], Au [58]) or metal combinations (e.g., Au-Pt [59], Pd-Pt [11,56], Pt-Ru [60]) is a common approach. It should be considered that even in the case of replacement with a single metal, the commonly occurring incompleteness of the exchange reaction—and/or accompanying purification steps intended to remove the residual educt metal—will result in bimetallic systems, in which a considerable impact of the composition on the catalytic performance is to be expected [61]. By applying galvanic replacement reactions or Kirkendall transformations on metal nanotubes instead of nanowires, double-walled or porous nanotubes can be created [61,62,63].



Also, parallel arrays of metal nanotubes deposited in porous membranes with different methods (e.g., electroless plating [63,64,65,66,67] or chemical vapor deposition [68]) can be released from the template, and then drop-coated to form unsupported catalyst networks. Such template membranes also can be combined with secondary templates like polymer spheres [69] or surfactants [70] to modify the internal morphology and porosity of the deposited nanostructures. A summary of the most common methods for preparing solid and porous 1D metal nanostructures can be found in Figure 5. Neither is this list exhaustive, nor are the named techniques necessarily limited to specific product morphologies. For instance, likewise to shape-controlled colloidal syntheses, electroless plating can yield 1D nanostructure deposits without templates by utilizing anisotropic growth [71], and electrodeposition can be tuned to produce nanotubes in porous templates [72,73].



Metal nanotubes have been mainly applied in fuel cell catalysis, including both anodic and cathodic reactions (e.g., oxygen reduction [11,56,57,72] and the oxidation of methanol [55,58,59,60,61,64,68] and other alcohols [58]). In the future, it is necessary that these promising initial studies, which mostly remain limited to individual half reactions performed on model working electrodes, will be more frequently complemented by experiments which properly integrate such catalysts into membrane electrode assemblies [74]. The unsupported, extended, and hollow nature of nanotubes lends itself to the production of catalysts with high surface area and activity, which can be enhanced, e.g., by multi-element synergy [11,56,61,64], the presence of defects such as grain boundaries [64], or pores [65,66]. Nevertheless, it is challenging to outperform conventional catalysts on the basis of noble metal mass or cost, which can be realized with careful tuning of the nanotube structure and composition [11,56,59]. Metal nanotubes often possess considerably enhanced electrochemical aging stability as compared to carbon-supported and metal black reference catalysts [11,57].



Despite the already expedient network architecture that can be achieved with this crude assembly strategy (a representative catalyst layer configuration can be seen in Figure 5C), the level of structural control remains limited: 1D nanostructures tend to align parallel to the substrate surface, and the overall porosity and nanostructure orientation within the piled films is difficult to adjust. Instead of being drop-coated, nanowire suspensions can be transformed into 3D networks with extremely low density by gelation [75,76] or freeze-casting [77], followed by supercritical [75] or freeze-drying [76,77]. With this approach, the low percolation threshold of high aspect ratio 1D nanostructures, which is the basis for the fabrication of 2D transparent conductors, can be exploited for designing ultralight 3D networks. Using the freeze-casting technique, the network density can be continuously adjusted, and stable Pd nanowire networks down to 0.1% of the bulk metal density could be obtained [77]. One additional advantage of this approach lies in its capability of producing monolithic nano-networks of arbitrary dimensions (Figure 6). While the scalability of wet-chemical, template-free syntheses makes it convenient to employ colloidally produced 1D nanostructures in gelation assembly and related techniques [76], it is also possible to utilize template-deposited nanostructures (e.g., Pd nanowires electrodeposited in nanoporous anodized alumina [77]).



Contrasting their 2D counterparts, in the field of 3D nanowire and nanotube networks, there is a noteworthy lack of efforts to thoroughly interconnect the nanowires after aggregation (akin to the merging approaches mentioned in Section 2.1). Regarding electrocatalytic application, loss of nanostructures from those networks (e.g., during reactions with gas evolution or electrolyte flow), the detachment of drop-coated catalyst layers from the working electrode, and the need for binders represent typical problems. These issues can negatively affect the performance of catalyst layers built from unconnected 1D nanostructures, as compared to self-supported arrays or networks (see Figure 7A, architectures (ii) versus (iii), (v) and (vi)) [78]. Thus, it can be anticipated that the interlinking quality of these networks—together with associated properties such as stiffness, conductivity, or durability—as well as anchoring them to the electrode, leave quite some room for optimization.




3.2. Template-Assisted Deposition


Despite the possibilities available for assembling individual 1D nanostructures into 2D and 3D superstructures (Section 2.1 and Section 3.1), a deposition of already connected networks is possible, with which a more direct control over the network and pore architecture can be exerted. Template-assisted synthesis routes provide an exceptionally versatile route to force the highly isotropic metals into such intricate patterns. In order to create interconnected 3D metal nano-networks, a shape-defining network of either pores or fibers is required, which is filled or overcoated during metal deposition. Directly depositing metal nano-networks makes it possible to avoid intermediate processing steps, such as nanowire synthesis, purification, aggregation, and merging, while the fabrication of the template (and its oftentimes required removal prior to application) adds to the complexity of the nano-network production.



Two privileged types of porous template membranes, which are commonly used for the deposition of parallel arrays of 1D nanostructures (nanotubes as well as nanowires), namely nanoporous anodized aluminium oxide [79,80] and ion-track etched polymer foils [80,81], can be modified to yield interconnected 3D nano-networks.



3.2.1. Nanoporous Anodized Alumina Templates


During the fabrication of nanoporous anodized alumina, the anodization conditions can be modulated (e.g., the temperature [82] or the anodization potential [83]), resulting in the controllable formation of weak spots (alumina of reduced chemical stability, or with reduced wall thickness) at defined positions in the self-ordered pore arrays. By etching out these weak spots after anodization, horizontal interconnections between the vertically-aligned pores can be created. Similar, but more randomly-distributed interconnections emerge during the anodization of low-cost aluminum foils containing impurities such as Cu (Figure 7A, architecture (v)) [84,85].



By filling the as-obtained interconnected pore arrays in such alumina membranes, nano-networks are obtained as the inverse replica of the template structure (Figure 7A, type v) [83]. Metal filling is commonly realized by electrodeposition, followed by etching of the remaining alumina walls to uncover the obtained nano-networks [84,85,86]. As a result of the typically high pore density of nanoporous alumina, which is intrinsically linked to the self-ordered pore formation [79], the networks obtained in such templates are relatively dense [83,84,85,86]. In electrochemical applications, such horizontally linked nano-networks show clear advantages compared to their unconnected counterparts (Figure 7B–F): Parallel 1D nanostructure arrays tend to form bundles [85,87,88], which causes inhomogeneities in the array architecture, compaction and surface area loss at the bundle tips, and stress (most pronounced at the bottom of the nanostructures), making the system susceptible toward nanostructure detachment or breaking (Figure 7B,C). This degradation mechanism is more severe in the case of 1D nanostructures of higher aspect ratio (length/diameter; see Figure 7A, architecture (iii) versus architecture (iv)) [78,85].



In contrast, well-crosslinked nanostructures retain their integrity after template removal, even in the case of high aspect ratios (i.e., low thickness and/or considerable length, Figure 7D,E). Such materials often exhibit a constant ratio of the electrochemically-utilized surface area and the metal loading (Figure 7F), which is a defining feature of openly accessible, free-standing architectures created from low-dimensional building blocks [2,44]. Interconnected nano-networks with many branching points also reliably provide continuous conduction pathways. These characteristics make them valuable for electrochemical applications which benefit from comparably high metal content (and the extended surface provided by it). This includes high capacity nanostructured batteries [85] and catalysts with high metal loading [2], to be applied, e.g., in reactions with sluggish kinetics [3,89]. Conversely, the high metal content and well-accessible architecture of nano-networks makes it possible to realize the given metal loadings with comparably thin catalyst layers, which is helpful for improving mass transfer, and amending flooding issues in fuel cells [74]. Due to the intrinsic proton conductivity that has been observed for unsupported metal nanostructures such as nanowires, the ionomer/binder component in fuel cell electrodes can be reduced in content [74], or perhaps even completely omitted, which further facilitates the mass transfer in such catalyst layers.




3.2.2. Ion-Track Etched Polymer Templates


Track etched polymer membranes are produced by selectively etching out the damaged material that swift heavy ions create during their passage through the polymer alongside linear trajectories [81]. Contrary to the formation of nanoporous anodized aluminum oxide, which is caused by self-organization, each pore in such a membrane can be correlated with a single ion trajectory, and thus, an externally controllable input. Together with the etching conditions, which define the pore diameter and shape [81], this provides the means for the extraordinary level of structural control. The density and orientation of the swift heavy ions used for irradiation can be well adjusted, and directly correspond to the orientation and density of the pores in the final membrane. Already etched ion track membranes can be subjected to further ion irradiation and etching steps, which introduce additional arrays of narrower pores, and enable the production of templates with hierarchical porosity [90]. By replacing the (mostly) isotropic polymers as the template matrix with anisotropic crystalline solids such as mica, it is also possible to create pores with angular cross-section [91], although such an architecture has not yet been realized in a network configuration.



In summary, a large number of important porosity parameters (pore diameter, length, shape, orientation, density) can be adjusted independently of each other, and in a markedly wide range [81]: Pore diameters as low as ~10 nm can be realized, and continuously increased up to multiple microns. Membranes containing singular pores can be obtained, as well as variants with pore densities of 109 cm−2 and higher. The pore diameter and density jointly define the probability of pore overlap. The pore length is defined by the template thickness and the pore inclination, and can reach more than 100 µm, depending on the kinetic energy (and thus range) of the ions. Adjustment of the pore inclination and the simultaneous presence of multiple pore orientations allows the production of ordered 3D networks with specific degrees of crosslinking. Finally, the process is compatible with different polymers (e.g., polyethylene terephthalate, polycarbonate, polyimide, polyvinylidene fluoride), making it possible to tune the properties of the template matrix as well. This has synthetic relevance: The polymer type strongly affects the accessible pore structures (pore shape/pore wall topology), which determine the morphology of the deposited nanostructures. Furthermore, the chosen polymer must be compatible with the reaction conditions during metal deposition, and endure the potentially occurring chemical/thermal stress [65,92].



Frequently, the polymer foils are irradiated only from a single direction before etching, perpendicular to their surface. Similar to conventional nanoporous alumina membranes, metal deposition within such templates results in the formation of a parallel array of 1D nanostructures (Figure 7A, architectures (iii) and (iv)), which however are randomly distributed [64,65,66,67] and miss the natural or artificially impressed order of the alumina membranes [79]. If the heavy ion irradiation is performed from multiple directions, crossing pores can be created, whose degree of interconnectivity is defined by the pore density, orientation, and diameter [93]. Such template membranes open the path toward precisely-defined 3D nano-networks (Figure 7A, architecture (vi)), which—depending on the choice of the metal deposition method and the deposition conditions [90]—can be composed of nanotubes as well as nanowire subunits (Figure 8).



Electroless plating features a conformal growth mechanism, in which the autocatalytic metal deposition is usually initiated by nanoparticles immobilized on the template pore walls. The particles continue to grow and merge, ending with coherent metal films [91]. Thus, this method tends to produce nanotubular morphologies, albeit wire-like structures can be obtained at extended deposition times [90,91]. The required metal nanoparticle seeds can be homogeneously deposited onto the template surface using different approaches, such as the conventional sensitization-activation chemistry of electroless plating [91,94] or the reaction of metal ions with absorbed reducing agents at the polymer-solution interface [95]. Oxidation treatments can be used to increase the template polarity and metallization efficiency [96]. Aside from serving as seeds, these nanoparticles also can fulfil active roles in the final nanostructures. For instance, Pd nanoparticles have been embedded in the walls of Ni-Co nanotubes, making it possible to capitalize on the high catalytic activity Pd while using a common metal for establishing the more material-intensive nanotube support structure [97].



By applying electroless plating to ion-track etched templates irradiated from multiple directions, self-supported 3D metal nanotube networks have been fabricated from several catalytically interesting transition metals, including Ni [13], Pt [13,98], Cu [13], Ag [13], and Au [13]. Due to the high degree of interconnection ensured by the presence of multiple inclined pore arrays, 3D nanotube networks can be isolated from the template membrane by polymer dissolution without damaging their free-standing structure, even at very high porosities of more than 90% [13]. Using ion-track etched templates with multiple pore diameters, hierarchical nanotube and nanowire networks can be obtained, depending on the degree of pore filling (Figure 9) [90]. The formation of nanotubes with porous walls can be facilitated by reducing the density of nucleation sites and by stopping the electroless plating reaction at intermediate stages [66,98]. Alternatively, electroless plating reactions can be chosen which produce intrinsically porous, polycrystalline deposits [65], and pores can be retroactively introduced by restructuring the nanotube walls (e.g., via galvanic replacement [67]). When using galvanic replacement, it must be considered that this technique tends to produces inhomogeneous deposits on complex educt architectures (e.g., caps on the tips of bundled nanowire arrays [87]), due to spatially-decoupled oxidation and reduction reactions. This issue is expected to be even more severe for 3D nano-networks, particularly for variants exhibiting comparably low porosity and/or pore size. Inspiration to overcome such difficulties could be derived from the field of colloidal nanostructure transformation, which is becoming impressively sophisticated in terms of synthetic precision. For instance, by tuning down galvanic replacement with reducers, and optionally, the metal ions released during exchange, it is possible to coat silver nanocrystals with a few atomic layers of a more noble metal, as well as with alloy shells [99].



Together with controlling the nanotube wall thickness, the introduction of porosity is an important strategy to enhance the accessibility of the interior nanotube surface [12,65,66,71] and the mass activity of nanotube networks [98]. In this regard, the trade-off between the catalyst exposure, which benefits from a low thickness and high porosity of the nanotube wall, and the mechanical stability of the network, demands careful optimization. Tuning the different porosity levels is also important for the system’s mass transport and for providing (nanoscale) confinement (e.g., in the nanotube interior, or in pores in the nanotube walls). The latter is important for locally concentrating intermediates, supplying nano-reactor environments, and enhancing the electrocatalytic activity/selectivity of unsupported catalysts [100,101].



One fascinating aspect of 3D nanotube networks is their tri-continuous architecture, which contains two interwoven but independent pore systems which are separated by the interconnected nanotube walls and the metal surface layers deposited on the top and bottom of the former template foil. The first pore system comprises the nanotube interiors, and the second the space between the nanotubes. These pore networks could be used for constructing interlaced and conductive micro-/nanochannel systems with controlled permeation between both pore systems (depending on the tube wall porosity), if they could be independently connected within a fluidic device. Due to their hollow morphology and catalytically-active walls, metal nanotubes also represent interesting building blocks for constructing miniaturized flow reactors [67,102].



Electrodeposition is inclined to fill up the template pores starting from the bottom of an electrical contact layer on one side of the template membrane, and thus, usually yields 3D nanowire networks (Figure 8B–D), which have been prepared from different metals and metal combinations (e.g., Pt [2,90], Ni [103,104], and Ni alloys containing Fe/Co [104,105,106]). Crossing core-shell nanowires can be selectively etched out to obtain nanotube networks, as was demonstrated for Cu-Ni nanocables [107]. In the case of 3D nanowire networks, the reduction of the wire diameter is critical for increasing the mass activity. Similar to the aforementioned nanotube networks, a trade-off between network stability and catalyst utilization exists: In the case of very thin nanowires, even networks with completely intact junctions begin to collapse, as the nanowires are not rigid enough to maintain a straight arrangement and a fully free-standing superstructure, which has been observed for a Pt network with a nanowires thickness of ~20 nm [2]. Likewise to nanolattices [108], the rigidity of 3D nanotube and nanowire network catalysts can be increased by increasing their interconnectivity level, though detailed studies of the structure-dependent mechanical properties of these materials are missing so far. Reducing the forces during template removal, which is conventionally conducted by swelling and dissolving the polymer with organic solvents, followed by solvent evaporation, can also help to maintain the integrity of particularly filigree nano-networks during their release. This can be realized, e.g., by avoiding capillary effects due to supercritical drying [109] or by plasma-etching the polymer instead of dissolving it [90,110]. Hierarchically porous template membranes lend themselves for simultaneously optimizing different nano-network properties such as high surface area (which could be provided by a dense network of narrow nanowires) and high mechanical stability (which could be provided by larger microwires anchored within the network, Figure 9B) [90].



The outstanding structural tunability of ion-track etched membranes comes with a grain of salt. Whereas anodized alumina can be home-made in electrochemical laboratories, producing tailor-made ion-track templates requires controlled irradiation, which is only available at specific facilities (e.g., nuclear reactors, cyclotrons or linear heavy ion accelerators [81]). However, even with commercially-available ion-track etched polymer membranes, which are generally employed in filtration, nano-networks can be prepared. Intriguingly, this is enabled by a structural property which at first glance might appear as a shortcoming for nanomaterial templating: The commercial membranes contain somewhat randomly-oriented (and thus crossing) pores. At sufficiently high porosities (and thus, interconnection densities), 3D nano-networks can be deposited [63,111,112]. While the density and orientation of the pores is predefined in such membranes, they are available in different variants. Furthermore, the pore diameter can be continuously widened by simple chemical etching, which increases the likeliness of crossing pores (and in turn the nano-network stability), and provides access to fully free-standing network replicas (Figure 10) [63]. Compared to tailor-made ion-track templates optimized for nano-network fabrication, which can be created by markedly inclining the ion beam and by irradiating the polymer evenly from multiple directions, larger pore diameters are required to reach a state of efficient interconnection. Accordingly, nano-network fragmentation or collapse can be a severe issue, particularly in the case of narrow pore diameters [113,114]. By applying two sequential electroless plating reactions, bimetallic networks composed of core-shell nanotubes with modified composition and catalytic properties have been created (Figure 10C–E) [63].



Also, etching artefacts (similar to those found for anodized alumina [85,86]) such as the planar voids frequently found in ion-track etched polyethylene terephthalate [92,115] can link the track etched channels. These voids are oriented parallel to the polymer surface, and are probably caused by biaxial stretching of the PET films, which results in a laminar structuring [115]. During etching, the etchant can penetrate through the polymer strata at some positions alongside the track etched channels, and form pores protruding from them. If the planar voids grow large enough, they can interlink multiple pores. Due to the unreliable nature of this mechanism, high porosities are required to obtain templates with reasonably interconnected pore networks in this way.



Due to the structural relatedness of 3D nano-networks produced in ion-track templates with the other catalyst architectures mentioned so far, it is unsurprising that they are applied in similar fields (e.g., amperometric sensors based on the catalytic conversion of electroactive species [13,63,90,116], electrochemical energy conversion [2,98,111], or heterogeneous catalysis [113]). Electrochemical (bio)sensors benefit from the characteristic network architecture in a very similar way as electrocatalysts: The high activity of the latter translates into high sensitivities, which help reaching reduced detection limits [13,63,90,116]. In addition to providing a high density of active sites, the nanostructured surface promotes biomolecule attachment [117], and the efficient diffusive access facilitates fast sensor response [13,66]. Selectivity is equally important in both cases. From an instrumental perspective, the free-standing superstructure of 3D nano-networks is very much suited for integration into flow systems and microdevices. As a side note, nano-networks have also been successfully employed in chemiresistive sensing, albeit in this case, semiconductors replace the metals as the material of choice [19]. The plasmonic properties of, e.g., Au nanowire networks allow monitoring catalytic processes occurring on them with surface-enhanced Raman spectroscopy [113].



Apart from (electro)catalysis and sensing, 3D nano-networks are also valuable in related fields and can serve as miniaturized, nanostructured battery electrodes [103], which equally profit from the underlying material qualities (efficient mass transport due to high porosity and the dominance of openly accessible macropores, continuous charge collection pathways, robust superstructure, and large surface area). What makes ion-track templated nano-networks special is the structural control, including the degree of order and the high level of porosity that can be achieved. Ordered nano-networks are particularly interesting for applications which exploit properties stemming from the anisotropy and the specific mutual alignment of the 1D building blocks (e.g., magnetism [104,105,106,107]). While ion-track membranes lack the periodicity of other template variants, this aspect is far less important for constructing efficient catalysts than the ability to widely adjust the overall network architecture and porosity [118], in which they excel. This extreme structural tunability is far from being fully exhausted and translated into structure-property relationships. Also, to date, most of the ion-track templated 3D nano-networks do not utilize multimetal deposition and additional nanostructuring strategies, with which their complexity and functionality could be increased even more.



Free-standing 3D nano-networks represent compelling materials which bridge multiple length scales: While certain—and often multiple—features of the individual building blocks remain in the nanoscale (e.g., wall thickness, crystallite size, porosity, diameter), their length is in the microscale, and the final networks can easily reach macroscopic dimensions. This makes it possible to manipulate billions of nano-objects, combined in a collective superstructure, with bare hands, and facilitates convenient device integration [2,13,63]. The possibility to directly grow nanostructures on patterned electrodes which have been bonded with ion-track membranes represents another great asset for device fabrication and micro-nano-integration. While this technique is often applied to the production of arrays of parallel nanostructures [119,120,121], it remains underutilized with respect to 3D nano-networks, apart from in a few cases [112,116]. Fusing the catalyst network with the electrode is superior to the attachment via binders in terms of contact quality, stability, and purity, and thus, represents an opportunity for performance enhancements.





3.3. Nanofiber Networks Prepared by Electrospinning


Electrospinning constitutes a scalable, template-free route toward webs composed of nano- or microfibers [122]. The fibers are ejected from droplets (mostly comprising molten or dissolved polymers) which are subjected to high voltage, causing the electrostatic repulsion of surface charges to overcome the surface tension. As a result, thin jets are drawn out, which dry or solidify during their flight to the counter electrode, and gradually build up a web-like superstructure (Figure 11A). At the beginning of fiber deposition, electrospun layers resemble 2D nano-networks [46,47,48], and then transition into 3D networks of increasing thickness.



While originally focusing on polymeric materials, the approach can be adjusted to produce other materials in nanofibrous form, such as oxides, carbon, metals, or their mixtures [123,124,125]. Metal nanowires are typically produced by adding their salts to a carrier polymer solution, which can be formulated, e.g., with poly(vinyl acetate) [126] or PVP [127]. After electrospinning, the polymer is removed by pyrolysis, which results in the formation of either oxidic (e.g., CuO [126], Fe2O3 [128], CoO [128] or NiO [128]) or metallic (e.g., Pt [127]) nanowires of varying purity [127], depending on the reaction conditions and the nobility of the metal. The oxidic fibers are typically transformed into metal by reduction in H2 atmosphere at elevated temperatures [126,128], but in situ reduction during application in the hydrogen evolution reaction also has been reported [129]. Also, it is possible to electrospin concentrated nanoparticle suspensions, followed by sintering, as was demonstrated for Au nanowires [130]. Metal nanotubes can be created by the two-step pyrolysis/reduction route in cases where the intermediate step yields hollow oxide nanostructures [131,132]. Alternatively, electrospun support fibers can be coated with a metal shell (e.g., using electroless plating [46,133,134] or sputtering [135]), optionally followed by the isolation of the tubular products [135].



Like the closely related 3D nanotube and nanowire network catalysts, the electrospun variants are typically applied in electrochemical (bio)sensing [133], electrochemical energy conversion reactions (e.g., methanol electrooxidation [127] and oxygen reduction [131,132,136]), or water electrolysis [129], and often exhibit excellent durability [131,136]. Implementing electrospun fiber mats composed of conventional carbon-supported Pt, ionomer, and polymer binder as fuel cell electrodes showed increased performance compared to conventional spray-coated catalyst layers, which was explained by the open-porous network architecture, its high density of accessible active sites, and its improved water management [137]. While carbon corrosion remained an issue in these nanofibers, the overall degradation of the nano-network catalyst layer was considerably reduced [137]. Optimized metallic 3D nano-networks offer the prospect of keeping the advantages of the catalyst architecture while completely circumventing the carbon corrosion problem [74].



The strategies employed for improving the activity, selectivity, and metal utilization of electrospun metal catalysts relate to those outlined in the previous paragraphs. They include the creation of additional surface area (e.g., by moving from the solid nanowire to the hollow nanotube morphology [131], the introduction of pores (Figure 11B–G) [136,138,139]), improving the metal utilization by reducing the nanotube wall thickness [131] or the nanowire diameter (while avoiding bead formation [140]), and the exploitation of catalytic synergies of bimetallic or mixed oxide-metal systems [129,131,132]. Regarding the inclusion of metal oxides, it is important to highlight the potential value of inverse supporting for metal nano-network catalysts (i.e., the deposition of traces of a support material such as metal oxides onto an underlying metal substrate [141]). With this concept, beneficial support-metal interactions could be taken advantage of (e.g., the conservation of active metal sites or activity enhancements), while simultaneously avoiding the detriments of carbon supports.





4. Conclusions


Metal nanotube and nanowire networks unite a large number of desired properties, such as high surface area, porosity, stability, durability, electrical and thermal conductivity, efficient diffusive accessibility, and a high density of active sites such as grain boundaries, twin defects, or low-coordinated atoms. These properties can be efficiently controlled by adjusting their nanostructure, composition, interconnectivity, and organization, rendering nano-networks a convincing structural paradigm for designing efficient heterogeneous (electro)catalysts, nanostructured battery electrodes, or sensors.



The discussed fabrication strategies show a general trade-off between synthetic precision and process intricacy. While template-guided metal depositions make it possible to exert a stunning level of direct control over the network architecture, they rely on complex multistep procedures. On the other hand, the colloidal synthesis of nanowire suspensions can be scaled up quite easily, but the superstructures assembled from these building blocks show much more randomness and a poor initial interconnection quality. Thus, it is anticipated that the more powerful but also laborious techniques will find preferential use in high performance applications and fields which do not require large amounts of material (e.g., sensors or lab-on-a-chip devices), as well as for investigating structure-property relationships and identifying particularly efficient nano-network variants. This knowledge can then serve as a basis for creating catalysts for cost-sensitive large-scale applications, such as fuel cells, with more readily scalable approaches such as electrospinning.



In this regard, although very promising results have been obtained in the individual half-cell reactions, it continues to be difficult to implement nano-network catalysts in membrane electrode assemblies and test them under realistic operation conditions, despite the great potential which lies in their unique architecture. It is particularly in fields such as achieving high metal loadings (and thus raw power), high surface-normalized activity, high and open porosity, and excellent durability that nano-network catalysts can play out their strengths. It is not simple to beat conventional carbon-supported Pt electrocatalysts in terms of noble metal utilization—a task for which they have been thoroughly optimized. Nonetheless, this can be achieved through careful nano- and micro- structural tuning. It is not surprising that a proper integration of nano-network catalysts into fuel cells, and the issues associated with aspects like catalyst attachment to the membrane, ionomer application, adaption of the water management, will require similar efforts on larger length scales [74]. Likewise, the assembly of nano-networks into flow reactors [142] and miniaturized devices [143], for which their free-standing superstructure is predestined, provides plentiful challenges and opportunities for catalysis research.
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Figure 1. (A) Formation mechanism of pentagonal Ag nanowires, starting from fivefold twinned, decahedral, {111}-faceted seed nanoparticles, which elongate during growth due to the passivation of the evolving {100} facets by polyvinylpyrrolidone (PVP). (B) Schematic side view of a growing nanowire, indicating the selective deposition of metal at the nanowire tips. (C) Scanning electron microscopy (SEM) image of Ag nanowires, in which the angular tips of some nanowires are highlighted. (D) Transmission electron microscopy (TEM) images of microtomed nanowires, corroborating their pentagonal cross-section. Reprinted (adapted) with permission from [31]. Copyright (2003) American Chemical Society. 
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Figure 2. Electron micrographs of Ag nanowires before (A) and after (B) plasmonic welding, which causes the formerly stacked nanowires to merge. In the nanowire junction, the continuous twinning plane of one nanowire is maintained, while the second is thoroughly attached via recrystallization (B). (C) Tilted view of a merged 2D Ag nanowire film formed by plasmonic welding. Reprinted (adapted) with permission from [37]. Copyright (2012) Springer Nature Limited. 
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Figure 3. (A) Transparent Ag nanowire film supported by a collapsed mixed cellulose ester membrane. (B) Scheme of the photolithographic process used to pattern the Ag nanowire film. (C,D) Photographs of LED chips integrated on Ag nanowire electrodes with light off (C) and on (D), demonstrating the transparency, flexibility and conductivity of the nano-network films. Reprinted (adapted) with permission from [39]. Copyright (2015) Elsevier B.V. 
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Figure 4. (A) Synthesis scheme for 2D transparent metal nano-networks fabricated with electrospun fiber templates (based on polyvinyl butyral (PVB)), which are selectively seeded and metallized with electroless plating. (B) SEM image of a Cu nano-network. (C) SEM detail image of a junction in a Ag nano-network. (D) Photograph of a Cu nano-network electrode deposited on a flexible poly(ethylene terephthalate) substrate. (E) Transmittance of Ag and Cu nano-networks of varying areal nanowire density, showing the trade-off between conductivity and transparency. (F) Change of the nano-network sheet resistance during repeated bending, showing excellent durability as compared to the brittle ITO. Reprinted (adapted) with permission from [46]. Copyright (2014) American Chemical Society. 
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Figure 5. (A) Scheme of synthetic approaches toward 1D metal nanostructures, ordered by their degree of porosity. The green arrows indicate metal deposition, the red arrows metal dissolution. On the right, electron micrographs of representative nanostructures created with the named approaches are shown: (B) Jagged Ag nanobelt, obtained by colloidal anisotropic growth, based on the solution chemistry outlined in [44]. (C) Ag nanotubes, electrolessly deposited in ion-track etched polycarbonate templates, prepared according to [67]. (D) Double-walled Ag-Pt nanotube, prepared by galvanic replacement, according to [61]. (E) Ag nanotubes, which have been subjected to galvanic replacement with Au to create porous Ag-Au nanotubes, prepared according to [67]. (F–H) Mesoporous Pt nanowires, prepared with the double templating strategy, reprinted (adapted) with permission from [70]. Copyright (2008) American Chemical Society. 
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Figure 6. (A) Scheme of the fabrication of nanowire aerogels, based on gelation of nanowire suspensions, followed by critical point drying (CPD), including SEM images of a Ag nanowire aerogel (B). (A,B) are reprinted (adapted) with permission from [75]. Copyright (2012) Springer Nature Limited. (C) Preparation of 3D palladium nanowire networks via freeze-casting and freeze-drying, starting from a nanowire suspension (i), which after settling (ii) is adjusted to the desired volume (iii), redispersed (iv), and frozen in liquid nitrogen (v), yielding a monolithic sponge after freeze-drying (vi). (D,E) SEM images of a freeze-dryed Pd nanowire network. (C–E) are reprinted (adapted) with permission from [77]. Copyright (2017) American Chemical Society. 
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Figure 7. (A) Scheme of different catalyst layer architectures discussed throughout this work. (B–E) Different Ni-Sn nanowire architectures obtained by electrodeposition in nanoporous anodized alumina. (B) Moderate bundling of 20 µm long nanowires. (C) Pronounced bundling of 40 µm long nanowires. The circle highlights an area of marked nanowire detachment due to stress caused by bending. (D) Top view of an interconnected 3D nanowire network. (E) Side view of the nanowire network shown in (D). (F) Areal capacity of different Ni-Sn nanowire architectures, showing a linear relationship with the nanowire mass/length in the case of the 3D networks (type (v) in (A)), and a decreasing utilization for the parallel array architecture (type (iii/iv) in (A)). (B–F) reprinted (adapted) with permission from [85]. Copyright (2012) Elsevier B.V. 
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Figure 8. (A) Scheme of the fabrication of 3D nano-networks using ion-track etched polymer templates. (B) Electrodeposited 3D Pt nanowire network. (C,D) Photographs illustrating the size and the robust, free-standing nature of 3D Pt nanowire networks, which allows manipulating them with tweezers. (A–D) reprinted (adapted) with permission from [2]. Copyright (2011) American Chemical Society. (E–G) Electron micrographs of a porous Pt nanotube network optimized for metal utilization, reprinted (adapted) with permission from [98]. Copyright (2018) John Wiley and Sons. (H) SEM survey image of a Cu nanotube network possessing a density 2.8 × 107 nanostructures per cm2 and a comparable large outer tube diameter of ~800 nm. (I) SEM detail image of the network shown in (H), displaying a nanotube crossing. (J,K) TEM images of a microtome cross-section of a 3D Au nanotube network, which despite its ultrathin wall diameter of ~20 nm is free-standing due to the efficient nanostructure interconnection. Reprinted (adapted) with permission from [13]. Copyright (2015) John Wiley and Sons. 
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Figure 9. (A) Categorization of different nanostructures deposited in ion-track etched polymer templates of bimodal pore size. (B) Electrodeposited 3D Pt micro-/nanowire network. (C) Electrolessly plated Ag nanotube-nanowire network. (D) Electrolessly plated, hierarchical Cu nanotube-nanotube network. (E) Au nanorod-on-nanotube array, which shows aggregation due to the missing interconnection. Reprinted (adapted) with permission from [90]. Copyright (2016) Elsevier B.V. 
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Figure 10. (A) Scheme of the deposition of 3D metal nanotube networks in commercial ion-track etched polymer membranes. (B) Collage of a photograph and false color SEM images, illustrating the multiscale architecture of a disordered Cu nanotube network, which ranges from the centimetre scale of the free-standing film to the tube walls composed of nanocrystalline Cu. (C–E) Electron micrographs showing the derivatization of a Cu nanotube network with an ultrathin Ni layer, which was applied by electroless plating. Reprinted (adapted) with permission from [63]. Copyright (2016) American Chemical Society. 
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Figure 11. (A) Scheme of the fabrication of nanofiber networks with electrospinning. (B–D) Electron micrographs showing Fe-Pt nanowires, electronspun using Fe(NO3)3 and H2PtCl6 as the metal sources, followed by pyrolytic removal of the polymer carrier PVP, and reduction in H2. (E–G) Fe-depleted porous Fe-Pt alloy nanowire network obtained from the nanowires shown in (B–D) via dealloying. (B–G) Reprinted (adapted) with permission from [136]. Copyright (2011) John Wiley and Sons. 
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