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Abstract 

Diverse 3D porous metal electrodes, including meshes, foams and felts, are used in 

electrochemical flow reactors for a wide range of industrial applications, such as energy 

storage, electrosynthesis and degradation of pollutants. Recent work centres on the 

hierarchical decoration and coating of 3D electrodes with catalysts, although the study of 

their performance in a controlled and reproducible flow and mass transfer environment 

ought to receive more attention. New advances have considered metal nanofelts and 

nanomesh porous electrodes which show superior productivity. Opportunities are found 

in additive manufacturing, advanced structural characterization by e.g., X-ray computed 

tomography, and in 3D modelling of the hydrodynamic characteristics, current 

distribution and mass transfer coefficient. 
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Introduction 

The benefits of conductive 3D, porous materials in electrochemical technology are 

numerous, particularly in electrochemical flow reactors where process intensification can 

be realised and scale-up data can be obtained [1]. Compared to 2D structures, porous 

materials offer a significantly larger surface area; in devices for continuous processing, 

such as filter press and trickle tower reactors, the electrolyte flow through their structure 

enhances mass transfer. Reticulated vitreous carbon and carbon felt are often convenient 

and cost-effective. However, many applications require electrodes with better corrosion 

resistance, higher electrical conductivity, superior mechanical properties or the possibility 

of being coated with tailored electrocatalysts. Metal-based porous electrodes 

accommodate such needs and are found as packed beds, perforated plates, foams, 

expanded or woven mesh, micromesh, cloths and textile-like, felts, ‘paper’ and ‘wool’. 

Crucially, functional coatings on such materials are possible. Such diversity offers 

important possibilities for innovative and tailored solutions in electrochemical 

engineering. 

 

Porous metal electrodes are often studied in terms of their electrocatalytic properties, 

particularly the effect of coating or decorating their surface, as well as the coating 

conditions (e.g. electrodeposition) and ageing mechanisms (e.g. corrosion). Applied 

electrochemistry often considers these materials as electrodes in static and flow cells used 

for electrosynthesis, water treatment, destruction of pollutants and environmental 

remediation, as well as energy conversion and storage. In these cases, space-time yield 

and energy efficiency are important, and considerations such as current distribution, 

electrolyte fluid flow, mass transfer, hydraulic permeability (all of which can be 

modelled) become relevant. A compromise must be found between proposed new 



manufacture and surface modification methods and the characterization of performance 

in the target application. This work considers recent advances and trends in porous metal 

electrodes as well as research needs for advanced applications and the rigorous 

characterisation and modelling of such materials. 3D and porous metals in fuel cells with 

gas reactants, biosensors, supercapacitors and Li-ion batteries are out of the scope of this 

work.  

 

Manufacturing methods 

Metal felts are usually obtained via melt spun and sintered metal processes. The most 

relevant type is Pt/Ti felt [2],[3], due to its corrosion resistance. Other common felts are 

Ir/Ti [4], Rh-Ru/Ti [5] and stainless steel (SS) felt [6]. The contact resistance of electrical 

connections to felts, either by compression or by spot-welding, has been considered [7]. 

Aiming to increase the productivity of such electrodes, the concept of ‘nanofelts’ has 

recently been demonstrated in a soon to be published research (M.J. Kim et al., ChemRxiv 

doi: 10.26434/chemrxiv.7468703). The flow-through electrode was made with 220 nm 

diameter Cu nanowires, having a surface area approx. 15 times that of carbon felt and 

affording the highest reported value of volumetric mass transfer coefficient, with a 

relationship to mean linear flow rate of kmAe = 36.5v0.77. In a reductive dehalogenation, 

the single pass conversion was over 4.2 times that of a carbon felt at a given flow rate, 

albeit with a higher pressure drop. Microtubular, nanoporous Cu fibres could also be used 

to make flow electrodes [8]. 

 

Common open-foam electrodes (Ni, SS, Ti, Cu, and Al) are generally made via casting, 

electroless deposition of metal coatings on polyurethane precursors or powder metallurgy 



[9]. Recent work has considered lost carbonate sintering for Ni [10], instead of the usual 

electroless method. All of these techniques result in randomly organised pores. However, 

advances have been made towards organized foams having specific geometries using 

selective laser melting of metal powder. These include ‘3D-printed’ SS foam-like porous 

electrodes for flow cells, such as tailorable Ni-coated [11] or cellular SS electrodes for 

oxygen evolution [12]. 

 

Mechanical tooling and machining methods to make perforated plates or expanded 

meshes can hardly be improved. Therefore, new advances have been made through 

different manufacturing techniques. For instance, 3D printed mesh-like SS electrodes 

with integrated helical mixers [13]. Meanwhile, spiral-wound woven SS mesh has been 

studied as a substitute to woven mesh [14]. Metal fibre cloths can be contrasted to 

‘embroidered electrodes’ in flexible polymer fabrics [15]. As in the case of felts, novelty 

has been achieved by producing Ni ‘nanomesh’ using an aluminium oxide template [16]. 

As shown in Fig. 1, this material resembles an ordered wire scaffold. Mass transport and 

pressure drop are yet to be investigated. 

 

Surface modification strategies 

A multitude of surface modification strategies can be applied to porous metal electrodes 

[1]. However, only a fraction of these provide a satisfactory compromise among chemical, 

electrochemical and mechanical stability, morphology and degree of coverage suitable 

for technical applications. Electrodeposition is often used to coat materials with catalysts. 

A classic example is Pt on Ti substrates, such as felt [2],[3] and mesh [17],[18]. Other 

examples on Ti are Ir [4] and Rh and Ru [5] on felt or Sb on Ti foam [19]. 



Electrodeposition of Ni is also common, e.g., on Ti foam [20], although it is more often 

seen as a coating on SS, e.g., in 3D printed electrodes [11]. Ru-polypyrrole [21], pure Pd 

[22] and NiOOH [23] have been deposited on Ni foam in the same manner. Meanwhile, 

Cu foam has been electrodeposited with MoSx [24]. It must be noted that the distribution 

of electrodeposits is strongly influenced by the current distribution [2],[18]. An 

alternative electrochemical approach is to ‘immersion plate’, as to coat SS with Pt [25]. 

This technique is readily achieved on Ni foam, for Pt [26], Pt-Ru [27], TiC-doped Pd [28], 

Pd [29] and Ag [30] coatings. Limitations arise due to a restricted thickness and surface 

porosity of the coatings. Anodized electrocatalysts are also feasible, such as CuO wires 

[31], along Ti3C2-modified Ni foam by electrophoresis [32]. Authors often forget the 

elegance of monitoring the coating process by measuring the open-circuit potential. 

 

Thermal and annealing methods have produced Cu2O/TiO2 on Cu foam [33], Fe-doped 

Ni(OH)2 on Ni foam by dip-coating [34], carbon on Al foam [35]. Fig. 2 shows 

hierarchical ZnO nanowires grown on CuO nanowires on Cu foam prepared through a 

combination of chemical and hydrothermal processes [36]. Such work illustrates well the 

possibility of modifying macroscopic porous electrodes with nanostructured catalysts.  

Other techniques involve sputtering of Ir on Ti felt [4], plasma discharge of CuO-NiO 

nanowires on Ni foam [37] or thermal vapour deposition of NiSe2 on Ni foam [38], freeze-

drying of PdPtx alloy graphene-Ni foam [39] and carbon nanofibers on Ni foam from 

C2H4 [40]. Chemical vapour deposition (CVD) is useful to form carbon coatings, such as 

amorphous carbon on SS felt [6], N-doped graphene on Cu foam [41] decorated N-doped 

carbon nanotubes (CNT) on Ni foam [42], or CNT by plasma-enhanced chemical vapour 

deposition (PECVD) on embroidered Cu wires [43]. Boron-doped diamond (BDD) 

coatings are applicable to Ti, Nb and Mo porous structures [44]. 



 

Much activity has been shown in hydrothermal micro and nanostructured coatings on Ni 

foam. Examples include WS2 flakes [45], Pd-SnO2 nanorods [46], MnO2 nanospheres 

[47], NiCo2S4 networks [48], Co3O4 nanowires and nanoflowers [49],[50], NiCo2O4 [51] 

and MoNi4 [52] microflowers, and NiO nanowalls [53] plus hierarchical NiCo2O4 

nanowires grown on Ni foam [54]. Enhanced surface area and catalytic activity are 

achieved but long-term structural stability needs further study. 

 

Advanced imaging characterization 

The latest addition to the array of structural and morphological characterization of porous 

electrodes consist in high-resolution X-ray computed microtomography (CT). Combined 

with digital image postprocessing, properties such as porosity, tortuosity, surface area and 

composition can be analysed in detail. Electrochemical surface area can be contrasted to 

the physical surface area obtained from CT. For instance, Fig. 3 shows the analysis of 

bare Ti felt by CT, which afforded characteristics such as porosity and volumetric surface 

area. It must be stressed, however, that the calculated surface area depends on the 

resolution, thresholding method and processing algorithm [55]. For metals, only the 

porosity of a 3D printed Ti alloy [56], and the tortuosity of Ni foams [57] have been 

reported. Composition, quality and uniformity of coating can be assessed as well, as in 

the case of Pt deposits on Ti felt [2] and micromesh [18] or Ir coating on Ti felt [4]. 

Porosity is often neglected yet vital for corrosion protection and longevity. Digital CT 

objects could be used to simulate electrolyte fluid flow and pressure drop [58] in 

electrochemical flow cells. 

 



Performance characterisation 

A description of the technological productivity of metal-based porous electrodes 

supporting redox reactions requires the analysis of both electrode kinetics and mass 

transfer conditions. Furthermore, it is generally necessary to incorporate reference 

electrodes in each half-cell to express cell potential in terms of its thermodynamic, kinetic 

and ohmic components. Stirred beaker cells are convenient and provide preliminarily 

information but fluid flow and mass transfer are difficult to reproduce and scale-up. 

Porous electrodes are much more effective in flow reactors, where fluid velocity can be 

controlled and measured, then related to mass transfer and pressure drop, as part of a cost 

- benefit approach. Techniques should be chosen by their speed, convenience and 

agreement. 

 

Recent examples of controlled electrolyte flow and mass transfer studies are found for 

various types of Pt and Ir-coated 3D titanium substrates [59],[60], via limiting current 

measurement. Advances could be made by studying the conversion rates and mass 

transfer coefficient at low Reynolds numbers using simulation or by separating the 

electrode kinetics from the mass transfer contribution using Koutecky-Levich equation.  

The maximum electrochemical conversion can be corelated to the experimental, 

normalised pressure drop across the porous electrodes [61], allowing electrolyte pumping 

requirements to be calculated and costed. New techniques could simulate permeability 

and pressure drop from the known digital structure of the foam [58]. 

 

Recent and novel applications 



Renewed attention to organic electrosynthesis is evident in recent reviews [62]. Many 

reactions can be carried out advantageously on 3D electrodes. Fewer inorganic synthesis 

reactions have been considered but important examples are NH3 synthesis on Rh and 

Ru/Ti felts [5] or CO2 reduction at Cu or Ir/Ti felts [63]. Many applications of porous 

electrodes are related to the degradation of pollutants for environmental remediation and 

water treatment. The degradation of highly toxic compounds is an important example. 

Common dichlorination reactions are those of herbicides [30], urea [53], triclosan [41], 

pentachlorophenol [21] and 2,4-dichlorobenzoic acid [28]. Oxidation of compounds for 

decontamination is typical, and has been applied to remove benzene at Sb-SnO2 Ti foam 

[19]. It is unfortunate that most studies consider only loss of the aqueous contaminant, 

rather than any intermediates formed (which can be gaseous, toxic or persistent). 

 

Water electrolysis is an important application. For the hydrogen evolution reaction 

(HER), catalysts such as Pt [26], MoNi4 [52] and NiCo2S4 [48] can be deposited on Ni 

foam. Similarly, Cu2O/TiO2 [33] or MoSx [24] on Cu foam. For the oxygen evolution 

reaction (OER), the latest activity has been dedicated to catalysts on Ni foam, such as 

WS2 [45], S-NiFe2O on Ti3C2 [32], and Fe-doped Ni(OH)2 [34]; or on SS, such as 

Ni(Fe)OxHy [64]. Porous electrodes made of SS could be reconsidered [65]. Meanwhile, 

PEM electrolysis continues using noble metals, such as Ir/Ti felts [4]. 

 

Many types of fuel cells with liquid reactants, for instance, ethanol [66], methanol [49], 

and urea-H2O2 [67] types employ porous electrodes. Higher power devices include direct 

borohydride fuel cells using Pt-Ti felt and micromesh [60], hydrazine using Pd-Ni foam 

[22], and H2O2 using Pd-SnO2/Ni foam [46]. Of these, only the borohydride type, and 



cerium-based redox flow batteries [59], have been studied in terms of electrolyte flow. 

Static metal air batteries employing Ni foam modified electrodes have also been 

considered, such as Zn-air [47], [50]. 

 

Among the previous publications, scalable studies performed in cells with reproducible 

mass transfer environment are disappointingly scarce. Most of the claimed applications 

restrict themselves to short term voltammetric techniques. In a few cases, otherwise 

valuable contributions have attempted inadequate scale-up, i.e., employing non-

reproducible mass transfer environments or not reporting them at all. Realistic figures of 

merit require attention to the principles of electrochemical engineering and chemical 

processing [1]. 

 

Reproducible, predictable mass transfer rates are better attained by the use of flow-

through or flow-by flow cells in batch recirculation. Applications studied in this manner 

can be found in the field of energy storage, e.g., cerium-based flow batteries [59] or 

borohydride fuel cells [60], while recent examples on electrochemical processing are the 

electrodegradation of resorcinol [29], the recycling of Cu(II) etchant [68], and the 

production of 2,5-furandicarboxylic acid from biomass [23]. Fig. 4 shows the two-cell 

stack pilot electrochemical flow cell employing Ni foam electrodes. Several examples of 

porous electrodes in flow cells are found in the field of electrochemical water treatment, 

e.g., electro-generation of H2O2 and electro-Fenton at coated Al foam [35], as well as 

RuO2/IrO2 Ti mesh and thin-film BDD on a Nb mesh electrodes [69]. Other controlled 

reaction environments are the rotating cylinder electrode and packed bed electrochemical 



flow reactors. Recent examples include the removal of Cd in a woven wire rotating mesh 

[14], and water treatment using a packed bed of iron particles [70]. 

 

Mass transfer studies for flow-through foam electrodes have been attempted in beaker 

cells with a recirculating electrolyte [10] and anodic Fenton oxidations have been studied 

in aerated batch cells [71]. However, these can be considered only as preliminary steps 

towards flow cell studies. Appropriate batch studies carried out in stirred beakers can be 

a useful first step towards scale-up, e.g., electrode the oxidation of ammonia at 

NiOOH/Ni-foam [72]. Stirred beaker cells offer a very convenient laboratory facility but 

a poorly-defined reaction environment regarding fluid flow and mass transfer.    

 

Mathematical modelling 

Current, potential and concentration distribution models for porous metal electrodes are 

critical to the simulation of electrochemical operations and to the understanding of their 

local reaction environment. The classical problem at 3D porous electrodes is the 

determination of the potential drop and local current density across their thickness and 

the related optimal thickness and length in flow reactors. Analytical approaches have 

developed models beyond the usual assumption of low conversion per pass in flow-

through electrodes [73],[74], and optimized their thickness under kinetic control 

conditions [75]. Other recent work has incorporated the potential distribution and the 

effect of bubbles in flow-across, SS felt electrodes [76]. In contrast to carbon-based 

materials, multiphysics and 3D models are less common for metal porous electrodes, one 

example being a fuel cell with an Al foam [77].  

 



Opportunities are found in 3D modelling of metal porous electrodes in electrochemical 

flow reactors, especially in view of the possibility of capturing their geometry by digital 

imaging and computation, e.g. via CT [55],[78]. In addition to enabling modelling of 

current distribution, such methods could model electrolyte flow, pressure drop and mass 

transport coefficients. For instance, Reynolds average Navier-Stokes (RANS) equations 

for turbulent flow can be used to describe flow in porous structures [79]. Other types of 

model, including geometrical and mechanical foams based on Weaire-Phelan structures 

[80], remain relevant.   

 

Conclusion and outlook 

3D porous metal electrodes having superior surface area and enhanced mass transfer 

coefficients than 2D plates and sheets will continue to be the main choice in productive 

electrochemical reactors. Numerous manufacture techniques and surface modification 

strategies are possible. Important recent trends are found in the decoration of open-cell 

metal foams with hierarchical structures, the implementation of additive manufacturing 

for niche applications and the development of nanostructured metal felts and meshes. 

Rigorous studies on electrodeposition on porous electrodes are rare, notwithstanding its 

importance to applied settings. Many studies claiming industrial applications are limited 

to voltammetric and batch studies, with insufficient attention to scale-up parameters or 

controlled mass transfer environment. Awareness of mean linear electrolyte flow rate and 

mass transport coefficients must spread in this field. Meanwhile, many surface decoration 

methods report non-uniform deposits, lack durability studies and, in some cases, fail to 

report basic characteristics, such as volumetric porosity. Future research must consider 

improvements in these areas. Analytical models of porous electrodes continue to be 

developed, but new opportunities are found in 3D and multiphysics modelling of current 



distribution, fluid flow, mass transfer and reactant conversion over time. CT is incipiently 

used in metrological analysis of porous structures and in the characterisation of 

electrodeposited catalysts. 
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Figure Captions 

 

Fig. 1. a) Cross-sectional SEM image of a 3D porous anodic aluminum oxide template, 

b) Cross-sectional SEM image of the resulting nickel nanomesh, c) Stuctural 

representation of the porous scafold after template removal, showing its average unit cell. 

Scale bars: low magnification 1 µm, high magnification 100 nm. Reprinted with 

permission from Zankowski et al. [16], Combining high porosity with high surface area 

in flexible interconnected nanowire meshes for hydrogen generation and beyond, ACS 

Applied Materials & Interfaces 10: 44634–44. Copyright (2018) American Chemical 

Society. 

  



 

 

Fig. 2. a) Process for the production of hierarchical CuO-ZnO nanowires on copper foam, 

b) SEM image of CuO nanowires on a Cu foam strut, and c) of ZnO nanowires branching 

from the CuO structures. Scale bars: low magnification 10 µm, high magnification 2 µm. 

Reprinted with permission from Wang et al. [36], Role of electric field and reactive 

oxygen species in enhancing antibacterial activity: a case study of 3D Cu foam electrode 

with branched CuO–ZnO NWs, The Journal of Physical Chemistry C 122(46): 26454–

63. Copyright (2018) American Chemical Society. 

  



 

 

Fig. 3. Structural analysis of titanium felt through CT. a) Bare electrode sample, b) SEM 

image of titanium fibres, c) cylindrical digital region of interest (ROI) from a scanned 

sample of felt, d) top-view of a CT binarized image of the fibres. The reported values 

correspond to a ‘ISO50%’ thresholding method using VG Studio MAX version 2.1. 

  



 

 

Fig. 4. Bench scale electrochemical flow reactor fitted with two Ni/NiOOH foam (30 ppi 

or 50 ppi) anodes with projected areas of 400 cm2 for the two-step production of 2,5-

furandicarboxylic acid. Cathodes are stainless steel plates. Reprinted with permission 

from Latsuzbaia et al. [23], Continuous electrochemical oxidation of biomass derived 5-

(hydroxymethyl)furfural into 2,5-furandicarboxylic acid, Journal of Applied 

Electrochemistry 48(6): 611–26. Copyright (2018) Springer Nature. 

 

 

 


