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Abstract 

Nanostructured metals with large surface area have a great potential for multiple device 

applications. Although various metal architectures based on metal nanoligaments and nanowires 

are well known, they typically show a tradeoff between mechanical robustness, high surface area 

and high (macro)porosity, which, when combined, could significantly improve the performance of 

devices such as batteries, electrolyzers or sensors. In this work we rationally designed templated 

networks of interconnected metal nanowires, combining for the first time high porosity of metal 

foams, narrowly-distributed macropores and a very high surface area of nanoporous dealloyed 

metals. Thanks to their structural uniformity, the few-micron thick nanowire meshes are also 

remarkably flexible and durable. We show how the textural properties of the material can be 

precisely tuned to optimize the nanowire networks for applications in different devices. In an 

exemplary application in electrolytic production of hydrogen, thanks to its high surface area, 

a few-micron thick nanomesh outperformed a 300 times thicker nickel foam. Furthermore, thanks 

to its high porosity, the Pt-doped nanomesh surpassed a microporous Pt/C cloth, demonstrating 

benefits of the optimally designed nanowire structure for a simultaneous improvement and 

miniaturization of electrochemical devices. This work extends the potential of interconnected 

nanowires to multiple new research and industrial applications requiring highly porous and flexible 

conductive materials with high surface-to-volume ratio.  
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1. Introduction 

Porous metals with high surface area are broadly used as structural current collectors in multiple 

applications, such as catalysis,1 filtration,2 fuel cells,3 batteries,4 supercapacitors,5 electrolyzers6 or 

sensors.7 On the one hand, the high porosity of the porous metal is desired to accommodate greater 

volume of functional materials (for example, energy-storing components in high capacity 

batteries) or molecules (e.g. gas in fuel cell electrodes). On the other hand, the high surface area 

of the metal can enable higher reaction rates and lower internal resistance within the device, 

improving, for example, charging time of a battery8 or sensitivity of a sensor.9 Importantly, high 

volumetric surface area of the metal (in this paper abbreviated as VSA, also known as surface-to-

volume ratio) allows to shrink the size of a porous current collector while keeping its total surface 

area high, facilitating device miniaturization and integration in e.g. portable electronics, 

intravascular sensors or non-invasive implants.10–13  

Table 1. Typical properties of nanoporous gold and 

metal aerogelsa 

 Nanoporous gold  Metal aerogels  

VSA (m2/cm3)b 40 – 80 0.5 – 6.5 

Porosity (%) 60 – 80 97 – 99+ 

dpore (nm)c 5 – 40 10 – 100 

Robustness brittle brittle 

aData based on Refs.14,15. bVSA conversion is presented in 

Supporting Information. cdpore – effective pore diameter. 

 

Various recent studies have shown that rather than having very high surface area but low porosity 

and small pores, an optimal, mechanically stable current collector should exhibit a balanced 

combination of high surface area and high porosity, together with sufficiently large, interconnected 

and preferably ordered pores, whose optimal size depends on the particular application.16–19 

Currently, however, even the state-of-the-art porous metals, such as dealloyed metals 
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(e.g. nanoporous gold)14 or metal aerogels15 show a tradeoff between their individual textural 

properties (porosity, pore size, VSA) and mechanical stability (Table 1; for a detailed comparison, 

see Results and Discussion below). To a big extent, such a tradeoff is a consequence of the random 

microstructure of these materials.20 To overcome that, structural ordering can be introduced by 

fabricating three-dimensional metal nanostructures inside the templates of, for example, 3D-

porous anodic aluminum oxide (AAO), which can be made by anodization of aluminum alloys.21,22 

Networks of interconnected metal nanowires prepared from 3D-AAO have been known since 

2012, when Wang et al. demonstrated their synthesis and application as electrodes for lithium-ion 

microbatteries.23 Since then, the same group reported applications of templated Ni, Cu and carbon 

nanonetworks in energy storage and water condensation,24–26 while Martin et al. showed the 

photonic crystal behavior of their Bi2Te3 and polymer counterparts.27 While having extended 

surface area, the structure of previously reported large-diameter interconnected nanowires (thus 

with moderate-to-low porosity) could be further improved for the current collecting applications 

which require a combination of high surface area and high porosity16–19 (see e.g. the results of 

Wang et al., where the thickness and capacity of energy storing TiO2 coated on nickel nanowires 

is limited by the large diameter of the metal nanowires).23 Also, characterization of adjustable 

textural properties of interconnected nanowires is needed to show their extended potential for a 

broad range of electrochemical applications. 

In this work, by rationally designing the architecture of the nanowire network, we fabricated 

interconnected, macroporous nanowire meshes (here, for simplicity, referred as nanomeshes) with 

a tunable combination of high porosity of metal foams and very high volumetric surface area of 

nanoporous dealloyed metals.  Such combination is optimal for many device applications, as well 

as unique with respect to the properties of over 70 porous metals reported in literature. By 
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modifying the template technique, we made remarkably flexible and durable nanomesh foils, 

retaining their interconnected nature upon extensive folding. Through the application of a few-

micron thick nickel nanomesh in electrolytic hydrogen production we demonstrate that the 

combination of the properties in the material allows it to reduce the size of a current collector by 

over 300 times, with more than 10-fold improvement of its electrochemical performance. 

 

2. RESULTS AND DISCUSSION 

2.1. Rational design and fabrication of nanomesh networks. At the beginning of the work, 

we fabricated nickel nanomeshes supported on rigid substrates. To produce 3D-porous AAO 

templates, we anodized copper-doped aluminum layers on TiN-coated silicon wafers (for the 

fabrication scheme, see Figure S1 in Supporting Information). To enable both high surface area 

and high porosity in the nanowire meshes, the pores in the 3D AAO templates need to be optimally 

separated and sufficiently narrow, to ensure low diameter of the nanowires with respect to their 

separation. The first requirement was achieved by performing the anodization in oxalic acid at 

40 V, which results in the moderate interpore distance of about 100 nm.28 When done in oxalic 

acid, the anodization at 40 V additionally increases ordering of the AAO pores,29 consequently 

improving regularity of the templated structure. To preserve low diameter of the AAO pores, we 

refrained from a commonly used pore widening step after anodization. Such pore widening, also 

used in the work of the other groups, is typically applied in the AAO templating to smoothen and, 

in some cases, open the AAO pores.25,30 However, it also results in widening of the template pores, 

consequently increasing the diameter of the produced nanowires. Our change, therefore, allows to 

maintain small thickness of the nanowires with respect to their separation, which, as we further 

demonstrate, is the key in enabling high porosity of the templated material. 
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The anodization performed in this manner produced AAO templates with repetitive vertical and 

horizontal pores, visible in the Scanning Electron Microscopy (SEM) images in Figure 1a. The 

horizontal openings originate from the periodic accumulation and depletion of copper atoms at the 

triple points between adjacent vertical pores during formation of the template.22 After anodization, 

nickel was electrodeposited inside the template, forming 3D nanomesh attached to the TiN bottom 

electrode. Following removal of the template, the structure of the nanomesh was characterized 

with SEM and is presented in Figure 1b. The material consists of a three-dimensional framework 

of interconnected vertical and horizontal nanowires grouped in periodic domains (see the insets in 

Figure 1b), whose geometrical architecture is the consequence of the ordered pore structure of the 

3D AAO template (Figure 1a).22 Thanks to the narrow AAO pores, the nanowires exhibit small 

average diameter dnw of 40 nm with respect to their center-to-center distance Diw of 104 nm. 

Consequently, the nanomesh framework shows a mean pore size of 64 nm, defined by the spacing 

between the surfaces of neighboring wires (for the histograms, see Figure S2). The mesopores 

Figure 1. Nickel nanomeshes fabricated from 3D-porous templates. (a) SEM cross sectional image of the 3D-porous AAO 

template, together with the top view and cross section of the template in high magnification. (b) SEM cross sectional image of 

the nickel nanomesh after template removal, together with the top view and cross section of the mesh in high magnification. 

(c) Geometrical model of the nanomesh network showing the top view and cross-section. The dashed red lines in (b) and (c) 

represent the nanomesh unit cell and the dotted blue lines in (c) top view represent the hexagonal arrangement of the AAO 

vertical pores. The annotated dimensions are: Diw – center-to-center interwire distance, dnw – nanowire diameter. Scale bars in 

(a,b): 1 µm (low magnification), 100 nm (high magnification). 
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(15 – 50 nm) constitute 22% of the total nanomesh porosity while the remaining 78% of the 

porosity can be ascribed to small macropores (50 – 120 nm). The shape and size uniformity of the 

nanomesh pores is relatively better than of the nanoporous dealloyed metals31,32 and significantly 

better than of the previously reported metal aerogels, whose pore size in some cases spans over 6 

orders of magnitude, from a few nanometers up to millimeters.15 The structural uniformity of the 

nanowire network, also visible in the low magnification SEM images (Figure S3), is the result of 

a regular, electrical potential-controlled arrangement of the AAO pores,28 compared to the random, 

capillary- and diffusion-driven pore ordering of the nanoporous metals and aerogels formed during 

dealloying,32 pyrolysis15,33 or liquid-phase synthesis.34,35 We note that the pore uniformity of the 

nanomesh could be further increased by using, for example, doubly-anodized AAO templates.  

Following the recently reported spatial distribution of the 3D-AAO pores,22 the organized 

nanomesh microstructure can be represented by a periodic network of interconnected cylindrical 

wires with a diameter dnw, grouped in hexagonal unit cells (Figure 1c and Figure S4). The vertical 

and lateral size of each unit cell is defined by the average interwire distance Diw. The vertical wires 

are interconnected via the honeycomb lattice of the horizontal wires, originating from the 

hexagonal distribution of copper impurities during the formation of 3D AAO templates.21,22 This 

is also partially evidenced in the top view insets of Figure 1a-b, showing the horizontal AAO pores 

meeting at ~120o, and the corresponding nanowire structure. The hexagonal arrangement of the 

horizontal wires lowers the density of the nanomesh,36 simultaneously stabilizing the nanowires 

framework and increasing its resistance to fracture. 

 

2.2. Mechanical flexibility. To demonstrate mechanical properties of the interconnected 

nanowire material, we fabricated free-standing foils of ~4.5 µm thick nanomesh supported by a 
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few-micron thick nickel film (Figure 2). Such foils were obtained by overplating the metal on top 

of the AAO templates and separating the material from the wafer substrate. The separation was 

achieved by introducing a sacrificial copper strike at the bottom of the AAO templates prior to 

nickel electrodeposition, as schematically presented in Figure 2a. This additional step, upon 

selective etching of copper, ensured a uniform detachment of the network from the rigid wafer. 

The planar nickel layer, now at the bottom of the nanowires, helps to stabilize the framework, 

providing at the same time good electrical contact to the entire material. Remarkably, the 

freestanding nanomesh foils are both durable and flexible; repetitive folding about a sub-

millimeter radius did not induce any observable damage to the networks in either macro- or 

microscale (Figure 2b-d). This is in sharp contrast to the typical brittleness of nanoporous 

dealloyed metals and metal aerogels, where a single crack in their random microstructure can lead 

to a catastrophic breakdown of the material.37 Besides the small thickness of the nanomesh, its 

excellent durability upon flexing can be associated with the ordered character of the framework. 

Figure 2. Flexibility of the nanomesh. (a) Fabrication scheme of flexible nanomesh foils from AAO/TiN/Si wafers. (b) 

Photograph of the flexible nanomesh sheet. (c, d) Scanning electron micrographs of the edge of the nanomesh bent with a radius 

of ~0.8 mm in low (c) and high (d) magnification. The self-supported nanomesh retains its interconnected nature and ordering 

during large deformations. Scale bars: (b) – 2 cm, (c) – 500 µm, (d) - 5 µm. 
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Because the pores in the 3D-AAO template are uniformly distributed, all the nanowires are equally 

interconnected and form a monolithic, crack-free network. Also, during folding, the distances 

between the nanowires are four orders of magnitude smaller with respect to the bending radius of 

the foil. Thus, the bending-induced stress becomes uniformly distributed over the numerous small 

nanowire domains, which individually experience only a small strain. 

Importantly, fabrication of flexible nanomesh which requires exposure of the nanowires to both 

KOH and a copper etchant does not change the metallic nature of the bulk of the nanowires, as 

verified with grazing incidence X-ray diffraction (Figure S5). The diffraction pattern shows 

exclusively peaks corresponding to nickel (111), (200) and (220) crystallographic planes. 

Nonetheless, the surface of the nanowires is likely passivated with a thin (< 2 nm) amorphous 

nickel oxide/hydroxide layer, as a result of exposure of the material to the etchants and air.38,39 

 

2.3. Combining high porosity with high surface area. To assess textural properties of the 

nanomesh, we applied a combination of SEM, electrochemical and gas adsorption methods on the 

nanomeshes with increasing total thickness of the networks (see Experimental Section and 

Figures S6 and S7). Thus, the porosity of the nanomesh was determined as 76 ± 0.5%, while the 

VSA was found as 26 ± 2 m2/cm3 (electrochemical) and 20 m2/cm3 (BET Kr adsorption). To 

understand the origin of such unusual combination of high porosity and high surface area in the 

macroporous material, we derived mathematical expressions for porosity and VSA for the ideal 

nanomesh structure with a given nanowire diameter and spacing (the derivation is given in 

Supplementary Materials). The theoretical porosity P was found to depend, in fact, only on the 

nanowire spacing-to-diameter ratio nwiw dD /= while the model VSA is additionally proportional 

to the inverse nanowire spacing Diw, as described by Equations 1 and 2, respectively: 



 10 

( )
3

3 3 9
100% 1

6

π
P





  + −
 =  −
 
 

 (1) 

( )
2

iw

2 3 3 27

3

π
VSA

D





 + −
=


 (2) 

By using the mean nanowire diameter and spacing, both previously determined with SEM, we 

calculated the model porosity as 72 ± 4% and the model VSA as 24 ± 2 m2/cm3 – in perfect 

agreement with the experimental data. The matching of experimental and model properties shows 

that the non-trivial combination of high volumetric surface area and high porosity is a result of the 

uniform and ordered structure of the material, which thanks to the narrow and optimally separated 

AAO pores, exhibits high ratio of the interwire distance to the nanowire diameter. The rules 

defined in Equations 1 and 2 allow to design interconnected nanowires with a desired pore size, 

high surface area and, at the same time, high porosity, which is the target combination in current 

collecting applications. 

 

2.4. Engineering nanomesh properties. Specific applications of a porous metal gain from 

further optimization of its high surface area over macroporosity (e.g. in electrocatalysis) or from 

increasing its macroporosity with acceptable sacrifice in surface area (e.g. in batteries).19 To gain 

control of the nanomesh textural properties, we modified the pore distribution of the AAO 

templates using two common techniques: by changing the anodization voltage or by AAO pore 

widening, performed in dilute H3PO4 after anodization. Upon deposition of nickel, both treatments 

led to modification of the nanomesh structure and properties, as presented in Figures 3 and 

summarized in Table S1 (for SEM images of all the samples, see Figure S8). On the one hand, the 

decrease of anodization potential from 40 V to 30 V lowered the separation between the nanowires, 
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resulting in mesoporous nanomeshes (mean pore size of 44 nm) with enlarged surface area 

(32 m2/cm3) and only slightly decreased porosity (70%) (Figure 3a-b). On the other hand, the 

increase of anodization potential gave more scattered nanomeshes with larger pores (up to 

128 nm), higher porosity (up to 89%) but lowered VSA of 9 m2/cm3 for 100 V anodization. The 

pore widening, applied to the 40 V – anodized AAO, increased the nanowire diameter without 

affecting the nanowire separation, thus reducing the average pore size of the nanomesh from 64 nm 

Figure 3. Engineering of the nanomesh structure. (a) SEM images of nanomeshes (upper row – cross section, lower row – top 

view) made from AAO templates formed at 30 V and 100 V. (b) Nanomesh volumetric surface area (VSA), porosity (P) and 

pore size (dpore) vs. template anodization voltage. (c)  SEM images of the nanomeshes (upper row – cross section, lower row – 

top view) made from pristine (0 min) and pore-widened (20 min) AAO templates, anodized at 40 V. (d) Nanomesh VSA, 

porosity and pore size vs. template pore widening time. The error bars in (b, d) represent 95% confidence level of the mean 

values. The model values of VSA and porosity were calculated using Equations 1 and 2, with the mean nanowire diameter and 

spacing determined with SEM for each nanomesh. Scale bars in (a, c) : 200 nm. 
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to 44 nm after 20 min of etching (Figure 3c-d). The VSA of the material remained, however, largely 

unaffected by the thickening of the nanowires. The geometrical model of the nanomesh also 

predicts a broad maximum of the VSA as the nanowire diameter approaches the nanowire 

separation (see also Figure S9). Such an effect can be explained by the competing increase of the 

VSA due to the thickening of the wires and reduction of the VSA due to the increasingly bulky 

character of the material. The increase of nanowire diameter comes with a reduction of nanomesh 

porosity to 50% after 10 min of etching. This shows that unless the ratio between nanowire 

separation and diameter is very large, thickening of the metal skeleton does not guarantee 

significant gains in surface area, but can result in a significant loss of porosity. After longer etching 

times, the decrease in porosity is amplified by the coalescence of some of the nanowires, visible 

in Figure 3c. The structure of the low porosity nanomeshes is similar to the morphology of the 

previously reported interconnected nanowire networks, which had reduced nanowire spacing-to-

diameter ratio as a result of the pre-etching of the AAO templates.23,27  

 

2.5. Potential applications. The changes of the nanomesh surface area and porosity are 

exclusively due to the modification of the mean nanowire spacing and diameter, as shown by the 

matching trends of the VSA and porosity predicted by the geometrical model for each of the 

synthesized meshes (dashed lines in Figure 3b and 3d). This encouraged us to explore the broader 

potential of the nanomesh structure, by simulating porosity and surface area of the material with 

various nanowire configurations (Figure 4). We found that, on the one hand, lowering the interwire 

distance below 50 nm could allow for mesoporous (e.g. 25 nm) nanomeshes with very high surface 

area of above 50 m2/cm3 and porosity above 60%. Although such properties are not uncommon 

for nanoporous gold, the non-noble character of the interconnected nanowire networks is a 
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considerable economic advantage for their use in e.g. fuel cells or electrocatalysis, where they can 

simultaneously act as a current collector and a functional catalyst. On the other hand, highly porous 

networks having pore size of more than 200 nm, porosity above 90% and still significantly high 

surface area above 5 m2/cm3 could be produced by appropriately increasing the interwire spacing 

without excessive increase of nanowire diameter.40 Such nanomeshes are attractive candidates for 

applications in, for example, high capacity and fast charging batteries and supercapacitors, where 
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high loading of energy-storing materials, large pores of the current collector and large contact area 

between both components are needed.18 The previously described maximum of the nanomesh VSA 

can also be observed in the simulated trends in Figure 4b for the systems with dnw ≈ 0.6 Diw. This 
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simple relation allows to maximize the nanomesh surface area for each desired pore size of the 

material, which is important in, for example, filtering applications. 

We further compared the porosity, average pore size and VSA of the nanomesh to the properties 

of over 70 porous metals reported in the literature (Figure 5 and Table S2). The nanomeshes can 

exhibit up to 100 times higher volumetric surface area compared to the metal aerogels while 

maintaining high porosity of metal foams (above 75%). Even for the macroporous nanomeshes 

having porosity close to 90%, their surface area remains higher than of the state-of-the-art 

macroporous dealloyed metals and metal aerogels, which is a consequence of the ordered and 

uniform structure of the interconnected nanowire material. Although some of the dealloyed metals 

exhibit higher total VSA, in such cases they show lower porosity and/or smaller pores (13 – 35 nm), 

which impacts their broader applicability. Also, Raney metals (most commonly nickel), a well-

established class of catalysts in organic synthesis, have much higher surface area (up to 

450 m2/cm3), but their low porosity (< 50 %), very small pore size (< 10 nm) and loose particle 

nature exclude their structural, current collecting applications.  On the other hand, the monolithic 

interconnected nanowire networks offer the largest combined surface area and porosity of any of 

the macroporous metals in the comparison, surpassing the highest porosity of the nanoporous 

dealloyed metals (79%) and the highest surface area of the metal aerogels (7 m2/cm3). Since the 

nanomesh thickness is bound by the achievable thickness of AAO templates – currently about 

150 microns41 – we estimate that an effective surface enhancement of more than 5000x per cm2 

footprint area can be achieved, without compromising high porosity of the material.  

 

2.6.  Application in electrolytic hydrogen generation. To effectively demonstrate the benefits 

of the combination of high surface area and high (macro)porosity in the nanowire meshes, we used 
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the example of hydrogen generation, which is one of the key methods for large scale, long term 

energy conversion and storage.42 Accordingly, we applied the flexible 4.75 μm thick nanomesh 

(76% porosity, 64 nm pore size, 126 cm2 footprint-normalized surface area) as a cathode during 

hydrogen evolution reaction (HER) in 1 M KOH. The performance of the thin nickel nanomesh 

was benchmarked against a commercial 1.5 mm thick high-surface nickel foam (96% nominal  

porosity, 10 cm2 normalized surface area) and a PTFE-coated Pt/C cloth (20% wt. Pt = 

0.2 mg Pt/cm2) with a 90 µm thick microporous layer, both commonly used as electrodes in water 

Figure 6. (a) Colour-enhanced SEM image of a 1.5 mm 

thick Ni cellular foam and a 0.41 mm thick Pt/C cloth, 

laying on a 4.8 µm thick Ni nanomesh. (b) SEM image of 

Ni foam surface coated with Pt nanoclusters. (c) TEM 

bright field image of nanowire surface after Pt coating. (d) 

STEM-EDS colour mapping of the nanowires for nickel 

(green) and platinum (yellow). The scale bars are: (a) - 500 

µm, (b) -  500 nm, (c) - 50 nm, (d) - 60 nm. 
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electrolyzers (Figure 6a). To further enhance the activity of the nickel materials, after the initial 

HER tests they were coated with platinum catalyst, deposited by 3 cycles of chemisorption and 

electroreduction of hexachloroplatinic acid. Such treatment led to formation of larger Pt nano-

agglomerates on the  foam and small Pt nanoparticles on the mesh (Figure 6b-d). The total loading 

of platinum on the nanomesh was determined with Energy Dispersive X-ray spectroscopy (EDX) 

as ~0.1 mg/cm2 (Figure S10) while the loading on the foam is estimated at 0.2 – 0.6% wt. or 

0.1 - 0.3 mg/cm2.43 Since the total amount of Pt is in the similar range for all the tested materials, 

no further optimization of Pt loading was performed.  

Figure 7. (a) Linear scan voltammograms of nickel electrodes and Pt/C cloth during HER. (b) Tafel analysis of the 

voltammograms. (c) Current transients recorded during 10 min at -0.2 V vs. RHE, without iR compensation. (d) Long-term 

stability recorded at -0.2 V vs. RHE under mild electrolyte agitation, without iR compensation. All the currents are normalized 

to the geometrical area (2 cm2) of the samples. 
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Linear scan voltammetry was performed to assess the intrinsic performance of the materials. The  

measurements were done with the correction for uncompensated resistance (so-called iR drop),44 

determined with impedance spectroscopy. The voltammograms, presented in Figure 7a, show that 

the bare nanomesh delivered significantly higher hydrogen generation currents at any 

overpotential, as compared to the bare nickel foam. Thanks to its very high surface area and good 

electrical conductivity, the thin nanomesh reached a current of 10 mA/cm2 at 149 mV of 

overpotential. Such overpotential is not only 133 mV less than that for the thick nickel foam 

(282 mV), but also less than for the previously reported nanoporous nickel (170 mV),45 

comparable to the state-of-the-art, non-noble catalysts such as Co-P/NCs (154 mV)46 or MoCx 

(151 mV),47 but somewhat higher than e.g. Mo1N1C2 (132 mV),48 Cu NDs/Ni3S2 NT-CFs 

(128 mV),49 TiO2 NDs/Co NSNTs-CFs (108 mV)50 or W-SAC (85 mV).51 We can note, however, 

that the preparation of such catalysts typically requires multistep synthesis at high temperatures or 

pressures, followed by their loading onto millimeter-thick conductive supports such as nickel 

foams or carbon fabrics. Compared to the nickel foam, the nanomesh shows much lower 

polarization resistance at moderate overpotentials, demonstrated by the Tafel slope of 102 mV/dec 

(nanomesh), as compared to 552 mV/dec (Ni foam) (Figure 7b). Upon functionalization of both 

materials with platinum, their activity towards hydrogen generation significantly increased, 

reducing the overpotential required to drive 10 mA/cm2 of current down to 91 mV (nickel foam) 

and only 57 mV (nanomesh). In the low overpotential region, the microporous platinized carbon 

showed similar performance to the platinized nanomesh, reaching 10 mA/cm2 at 65 mV. 

To assess the power performance of the electrodes, we polarized them for 10 min at a constant 

overpotential of 200 mV and measured the average current (Figure 7c). No correction for the iR 

drop was applied this time. The few-micron thick nanomesh delivered an average current of 
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12 mA/cm2, marking 11x increase over the current recorded on the millimeter-thick nickel foam 

(1.1 mA/cm2), which is a clear result of an order of magnitude higher surface area of the nanomesh. 

After coating with platinum, both the foam and the nanomesh show significantly higher average 

currents (37 mA/cm2 and 105 mA/cm2, respectively). At high overpotential, the modified 

nanomesh outperformed platinized carbon cloth (31 mA/cm2) (also see the photograph in 

Figure S11). The superior power performance of the nanomesh can be ascribed to the lower sheet 

and diffusion resistance (< 300 m) within the regular macroporous metal network, as compared 

to the resistance of the random microporous structure of the carbon material (~1 ). This 

demonstrates that the combination of high surface area and large (macro)porosity within the 

nanomesh current collector can lead to significantly increased performance of an electrode, with 

simultaneous reduction (in our example, up to 300 times) of its size. 

Finally, long-term stability was assessed for freshly prepared pristine and platinum-coated 

nanomesh samples, during 30 hours of HER at -0.2 V vs. RHE under mild agitation (Figure 7d). 

Both the nanomesh samples exhibit initially high currents which decreased during the first 6 hours 

of experiment to 8.5 mA/cm2 (pristine nanomesh) and 33 mA/cm2 (platinized nanomesh) 

respectively. This was followed by a steady state regime with an average current of 6.5 mA/cm2 

(pristine nanomesh) and 26 mA/cm2 (platinized nanomesh) during the next 12 hours of operation. 

Although these values are significantly lower than the initial currents, they are still close to or 

better than the currents reached on the considerably thicker nickel foam and Pt/C cloth in the short-

term experiment. At the current stage, we believe that deactivation of the nanomesh during 

prolonged HER could be a result of poisoning of the nanomesh with surface-adsorbed hydrogen 

and formation of passive NiHx (likely accelerated by the high surface area of the nickel nanowires) 

or from the saturation of the nanomesh pores with H2 bubbles. Both the effects were previously 
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shown to significantly increase resistance of nickel electrodes during extended HER.52–55 Presence 

of NiHx on the nanomesh was also detected by cyclic voltammetry after long-term hydrogen 

generation (Figure S12). To see whether the activity of the material could be restored, the HER 

measurement was stopped after 18 hours, allowing the electrodes to rest at their open circuit 

potential for 1 hour. When the constant potential was reapplied to the electrodes, the catalytic 

activity of both samples was restored and the currents returned to their initially high values, 

followed by a similar decrease as in the first part of the experiment. This shows that although the 

formation of NiHx and buildup of residual gas inside the nanomesh may lower its long-term HER 

activity, the nanomesh performance can be renewed for the prolonged hydrogen evolution. Further 

optimization of the nanowire networks may improve their long-term efficiency for hydrogen 

generation. 

 

3. CONCLUSIONS 

In summary, we have shown that the rational design of interconnected nanowire meshes allows 

for a unique combination of high porosity, high surface area, narrow pore size distribution and 

mechanical flexibility within a single macroporous metal. Benefitting from the structural 

uniformity of the networks, the properties of the nanowire meshes depend exclusively on the mean 

nanowire diameter and separation. Thus, common AAO template modification techniques can be 

used to increase the nanomesh pore size above 100 nm, surface area above 30 m2/cm3 or porosity 

beyond 85%. When applied in electrolytic hydrogen production, because of its high surface area, 

a micron-thick nickel nanomesh outperformed a millimeter-thick nickel foam and, because of its 

high (macro)porosity, the Pt-coated nanomesh reached better power performance then the 

microporous platinized carbon cloth. While due to the surface poisoning the nanomesh 
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performance decreased during prolonged hydrogen evolution, the activity of the material could be 

restored after 1 hour of resting period. Not limited to water electrolysis, the optimized 

interconnected nanowire current collectors can also extend their applicability in e.g. batteries, fuel 

cells or sensors, increasing performance of these devices while reducing their size. The versatility 

of template-assisted deposition also allows for the fabrication of highly porous nanomeshes or 

nanomesh composites made of different metals, such as silver or copper, but also semiconductors 

or polymers. The findings reported herein can thus bring new research interest and applications of 

ordered, interconnected nanowire materials. 

 

4. EXPERIMENTAL SECTION 

All the reported current and charge densities are normalized to the footprint area of the samples. 

The preparation and electrochemical characterization of all the samples was performed in the 

laboratory with controlled air temperature at 21.5 ± 1oC. 

 

Fabrication of 3D-AAO templates. The templates for fabrication of nickel nanomeshes were 

prepared by anodizing coupons of a wafer stack: 4 μm aluminum layer doped with 0.22% at. Cu, 

PVD-sputtered on a 150 nm PVD-sputtered-TiN/Si wafer. To fabricate wafer-supported meshes, 

the samples were placed on a heat exchanging aluminum block and covered with a PDMS o-ring 

with 18 mm inner diameter. On top of the o-ring, a 10 mL cylindrical glass cell was placed and 

secured using ball joint clamp. To fabricate self-supported nanomesh foils, the wafer coupons were 

fully immersed in a 200 mL jacketed cylindrical glass cell. The AAO templates were formed in 

0.3 M oxalic acid (≥99%, Sigma Aldrich). Unless stated otherwise, the anodization was carried 

out at 30 oC and 40 V, provided by Autolab PGSTAT100 potentiostat/galvanostat. During the 
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processing, the electrolyte was stirred using mechanical stirrer operating at 1900 rpm. The 

anodization was carried out until the total charge passed reached the value of 11 C/cm2, after which 

rapid decline in current was normally observed, indicating complete oxidation of the aluminum 

layer. After this point, the anodization was continued for 500 s (for the wafer-supported nanomesh) 

or 300 s (for the self-supported nanomesh) to ensure breaching of the AAO barrier layer at the 

bottom of the pores. The TiO2 layer formed at the AAO/TiN interface during overanodization was 

removed according to the procedure of Park et al.56 The sample was immersed in a solution of 

1:1:5 volumetric ratio of 30% H2O2 (KMG): 29% NH3(aq) (KMG) : H2O at 30oC for 4.5 min (wafer 

supported nanomesh) or 3.5 min (self-supported nanomesh), followed by rinsing with water. 

 

Fabrication of nickel nanomeshes. The nickel nanomeshes were formed by galvanostatic 

deposition of nickel in the AAO templates from 0.62 M nickel(II) sulfamate (65%, KMG) + 

0.62 M boric acid (99.8%-101%, VWR chemicals) bath at -10 mA/cm2 and 30 oC, using nickel 

foil (99.9% purity, Sigma-Aldrich) as a counter electrode. To dissolve the AAO template after 

plating, the samples were immersed in 0.5 M KOH (50%, BASF) for 30 min at 30 oC, followed 

by rinsing with H2O. To fabricate the flexible nanomesh sheets, prior to electrodeposition of nickel, 

a thin layer of copper was electroplated from 1 M copper(II) sulfate (99%, Merck) + 1 M sulfuric 

acid (96%, KMG) bath at -10 mA/cm2 and 30 oC for 20 s. The subsequent nickel plating was 

carried out from nickel sulfamate / boric acid bath, under the same galvanostatic conditions. Upon 

plating for 300 s, the color of the sample changed from black to metallic grey, indicating complete 

filling of the AAO pores. From this point, electrodeposition was continued at 50 mA/cm2 for 

200 – 500 s to deposit a planar nickel layer above the nanowires. After that, the sample was 

immersed in 1 M KOH for 5 min. During this time, the nanomesh sheet was observed to partially 
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detach from the wafer support. The residual copper at the bottom end of the nanowire network was 

etched using saturated solution of potassium persulfate (99+%, Sigma Aldrich). Then the sample 

was immersed in 0.5 M KOH for 30 min to remove any residual AAO template. After that, the 

sample was rinsed with copious amount of water and stored for later application. The complete 

scheme for the fabrication of the nanomesh is presented in the Figure S1. 

 

Engineering of nanomeshes properties. To adjust the surface area and porosity of the nanomesh, 

the pore distribution of AAO templates was modified by either changing the potential during 

anodization or by introducing an additional pore widening etch prior to electrodeposition of nickel. 

To avoid excessive pore widening during anodization at higher potentials, the temperature during 

anodization was adjusted depending on the anodization voltage: 30 oC (U ≤ 55 V), 15 oC 

(U = 70 V), 0 oC (U = 85 V) and -5 oC (100 V). Pore widening was performed by immersing the 

templates in 5% wt. solution of o-phosphoric acid (85%, Honeywell) for the time periods of 

5-20 min at 30 oC, prior to TiO2 etching.  

 

Functionalization with platinum for HER. To enhance the activity of the nickel nanomesh and 

the nickel foam for HER, after the initial HER tests of both materials they were coated with 

platinum nanoparticles. First, the samples were immersed in a 1 mM solution of hexachloroplatinic 

acid (99.995%, Sigma-Aldrich) for 30 s, followed by washing with copious amount of water. Then, 

the samples were brought into the 1M KOH electrolyte and polarized at -0.2 V vs. RHE for 1 min 

to reduce the chemisorbed platinum species. The entire procedure was repeated 3 times.  
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Composition analysis. Crystalline purity of the flexible nanomesh was analyzed with Grazing 

Incidence XRD, using PANalytical X’Pert MRD diffractometer equipped with Cu Kα radiation 

(λ=1.540598 Å) at the incidence angle Ω of 1o in the 2θ range of 10-80o with step size of 0.020o 

and sampling time of 12.25 s/step.  

Loading of the platinum on the nanomesh was determined by EDX measurement of the cross 

section of the nanomesh (6 µm x 4 µm), using electron beam operating at 20 keV. The loading of 

platinum was derived from the atomic ratio between Pt and Ni (estimated as 0.026), using the 

known quantity of Ni present in the 4.75 µm thick, 76% porous nanomesh of 17.3 µmol (Ni) /cm2. 

The measurements were performed on 19 different spots of the sample and the results were 

averaged. 

 

Determination of nanomesh porosity. The total porosity of the Si-supported nanomesh was 

determined by comparing the electrodeposition rate of the networks, to that expected for a dense 

nickel film electroplated under the same current density. The electrodeposition rate of the 

nanomesh was determined with SEM, by measuring the network thickness across the cross section 

of five samples plated for different amount of times. The relation used to determine the porosity is 

described by the Equation 3: 

(3) 

where P is the porosity of the nanomesh, rbulk is the growth rate of bulk nickel film, calculated with 

the Faraday’s law of electrolysis (accounting for the 95% nickel plating efficiency) and rnm is the 

growth rate of the nanomesh (for exemplary analysis of porosity, see Figure S6). 

 

( )bulk nm100% 1 /P r r= −
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Determination of nanomesh surface area. The characterization of the surface area was done with 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in a nitrogen-

saturated 2 M aqueous KOH solution, in accordance to the previously published methodology.57,58 

The measurements were done using Autolab PGSTAT301 potentiostat/galvanostat and a Hg/HgO  

reference electrode (IJ Cambria Scientific), measuring the potential near the sample surface 

through a Luggin capillary. The potentials are referenced to the reversible hydrogen electrode RHE 

(-0.938 V vs. Hg/HgO in 2 M KOH). Each experiment was performed in a freshly replaced 

electrolyte and repeated at least 3 times. Cyclic voltammetry measurements were done in the 

potential range of -0.30 V and +0.55 V and a scan speed of 50 mV/s, recording 3 scans each time. 

The electrochemical impedance spectroscopy was performed at -0.17 V vs. RHE by applying an 

AC signal with a 10 mV amplitude in the 5 kHz - 0.5 Hz frequency range. As a reference, 

experiments were performed under the same conditions on a planar nickel foil, freshly polished to 

mirror quality. The relative surface area of the polished planar foil (which is the ratio between the 

real and geometrical surface area) had been verified as 1.005 by Atomic Force Microscopy (Brüker 

Dimension Icon). The footprint-normalized surface area of the nanomesh was calculated as the 

ratio of the Ni(OH)2 formation charge (CV) or the double layer capacitance (EIS), measured on 

the nanomesh to those measured on the planar foil (for exemplary CV and EIS spectra, see Fig S6). 

The double layer capacitance was derived from the EIS spectra according to the method of Grden 

et al.58. For the nanomesh fabricated from 40 V – anodized AAO, five samples of increasing 

network thickness were analyzed. The volumetric surface area of such nanomesh was calculated 

as the linear slope of the footprint-normalized surface area (averaged from the CV and EIS for 

each sample) versus the network thickness, measured with SEM. The surface area of the 

nanomeshes fabricated from the modified AAO templates was analyzed only with cyclic 
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voltammetry (the results from CV and EIS in the previous experiments were found to be similar), 

under the same experimental conditions. For such meshes, the volumetric surface area was 

calculated as the ratio between the footprint-normalized surface area and the nanomesh thickness, 

measured across each sample with SEM. 

To cross-validate the electrochemically-determined surface area, Kr adsorption was performed on 

the nanomesh fabricated from 40 V AAO. Five wafer-supported nanomesh samples (each having 

3.3 µm-thick network) were measured simultaneously to be above the detection limit (0.1 m2). The 

measurement was done at 77 K and the BET method was applied in the 0.003-0.005 p/p0 range, 

according to the previously described methodology.59 Prior to the measurement, the samples were 

degassed in vacuo at 110oC for 12h. After the measurement, the results were corrected for the 

sample area not covered with nanomeshes (approx. 11 cm2 each) and normalized per sample.  

 

Hydrogen evolution study. The measurements of hydrogen evolution reaction were done in 1 M 

KOH solution, thermostated at 21 oC. The tests were performed in a 600 mL jacketed glass cell, 

having the compartments for the working and the counter electrode separated by a glass tube with 

a glass frit membrane to avoid the diffusion of the gases or trace Pt between the electrodes (the 

consecutive LSV scans did not show any increase of the current density at any of the analyzed 

working electrodes). The HER tests were performed on a flexible nickel nanomesh fabricated from 

40 V – anodized AAO, as well as on a commercial high surface area nickel foam (Ni-5763, 

Recemat B.V.) and a PTFE-coated platinized Vulcan carbon cloth with a microporous carbon layer 

(0.2 mg Pt/cm2 = 20% wt. Pt, FuelCellsEtc). For the measurements, the samples were cut into 

coupons of 2.0 x 1.0 cm and connected with a crocodile clamp to the potentiostat (Autolab 

PGSTAT301). Prior to the measurements, the electrolyte in the working electrode compartment 
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was saturated with hydrogen by electrolysis at the current of 1 A for 10 min, using titanium mesh 

working electrode. All the following measurements were performed using 3 electrode setup, where 

the sample was connected as the working electrode in the working electrode compartment and a 

platinum mesh as a counter electrode in the counter electrode compartment. The reference Hg/HgO 

electrode was positioned 5 mm in front of the samples surface. Prior to the measurements, the 

potential of the reference electrode was validated as -0.920 V vs. RHE, using commercial 

reversible hydrogen electrode (Gaskatel). During the measurements, the samples were contacted 

from the top, maintaining minimal immersion (< 1 mm) of the metal contacts in the electrolyte. 

Linear scan voltammetry was performed at 1 mV/s, with the correction for 90% of the 

uncompensated resistance (iR). Prior to each LSV scan, the iR drop of the system was determined 

with electrochemical impedance spectroscopy, at the potential of -0.2 V vs. RHE, in the frequency 

range of 10 kHz – 0.5 Hz, using the AC excitation potential of 10 mV. The iR drop was derived 

from the high frequency intercept of the semicircles fitted to the complex impedance spectra.44 For 

the nickel materials, the iR drop was in the range of 200 – 300 m, and for the platinized carbon 

about 1 . For each sample, three LSV scans were recorded and averaged. Constant polarization 

experiments were performed at -0.2 V vs. RHE for 10 min, without iR drop compensation. Long-

term stability was assessed at -0.2 V vs. RHE for 30 h of HER without iR drop compensation. Mild 

agitation of the electrolyte was applied by a magnetic stirrer to lower the buildup of temperature 

and concentration in the vicinity of the working electrode. After 18 h of measurement, the samples 

were allowed to rest for 1 h at their open circuit potential, followed by reapplication of the constant 

potential of -0.2 V vs. RHE for the following 12 h. 
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Statistical analysis. All the statistical analysis was performed using Origin 2017. The analysis of 

the structural parameters of the nanomesh (nanowire diameter, interwire spacing, nanomesh pore 

size) prepared from 40 V – anodized AAO was performed with a sample size N = 550 for each of 

the parameters. The analysis of the structure of the nanomeshes prepared from other AAO 

templates was performed with a typical sample size N > 30 for each of the parameters. The 95% 

confidence intervals (95%CI) of the model VSA and porosity reported in the text were calculated 

with the partial derivative method, using 95%CI of the nanowire diameter and spacing determined 

with SEM. The 95%CI of experimentally-determined porosity and VSA for the nanomesh produced 

from 40 V – AAO were calculated with error-weighted linear regression analysis – the weights 

were the 95%CI of the nanomesh thickness, Ni(OH)2 formation charges and of the nickel double 

layer capacitance. For the nanomeshes produced from other AAO templates, the 95%CI of 

experimental porosity and VSA were determined with partial derivative method. The sampling size 

of nanomesh thickness was N > 100 for each of the nanomesh sample. For each of the nanomesh 

sample, the total sampling size of Ni(OH)2 formation charges and nickel double layer capacitance 

was N = 18. 
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