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Abstract 

The limitations of 2-dimensional electrodes can be overcome by using three-
dimensional materials having sufficient porosity and active area while offering 
moderate mass transport rates and a relatively low pressure drop at controlled 
electrolyte flow rate. In concept, a wide variety of metal, ceramic and composite 
materials are possible but restrictions are imposed by the need to avoid materials 
degradation, while maintaining adequate electrical conductivity, sufficient robustness 
and the possibility of facile scale-up. Despite its fragility, one of the traditional 
electrode materials used as a porous, 3-dimensional electrode is carbon foam, 
particularly in the 97% vol. porous form of reticulated vitreous carbon, RVC. A time-
line indicates that the history of this material dates back over 50 years to the mid-
1960s, when it was primarily used as an uncoated material in small-scale, laboratory 
electroanalysis. Surface modification and diverse coatings have considerably extended 
the use of RVC. Recent applications are found in sensors and monitors, 
electrosynthesis, environmental processing and energy conversion. This review 
highlights the fundamental structure and summarises the physicochemical properties 
of RVC. Fluid flow through various porosity grades of the material, their active 
electrochemical area and rates of mass transport are quantified. The diverse 
applications of RVC in energy conversion, environmental treatment and 
electrosynthesis are illustrated by selected examples from the authors’ laboratories and 
others over the last 30 years. Recent research on coated RVC, energy conversion 
environmental remediation and sensors is highlighted. Critical areas deserving further 
research and development are proposed. 
 
Keywords: area, energy, foam, mass transport, porosity, structure, three-dimensional. 
 
(Approx. 18.600 words, 18 reactions/equations. 4 tables, 20 figures and 160 refs.). 
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Highlights 
 
l  The history, manufacture, structure and electrochemistry of RVC are 

considered. 

 

l  Interrelated parameters of active area, mass transport and pressure drop are 

quantified. 

 

l  RVC offers a moderate volumetric electrode area and high volumetric porosity. 

 

l  Diverse electrochemical applications of virgin and coated RVC are illustrated. 

 

l  Critical areas deserving further research on this electrode material are 

proposed. 
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Symbols 

a Microelectrode radius       cm 
A Active electrode area       cm 
Ae Electrode area per unit electrode volume    cm−1 
As Nominal area of trigonal strut      cm2 
Asv Electrode area per unit solid volume     cm−1 
AXS Cross-sectional area of porous solid for electrolyte flow  cm2 
B Breadth of electrode and channel     cm 
d A characteristic length      cm 
de Equivalent (hydraulic) diameter of electrode    cm 
dp Pore diameter        cm 
ds Strut thickness        cm 
D Diffusion coefficient of electroactive species    cm2 s−1 
F Faraday constant       C mol−1 

km Mass transport coefficient      cm s−1 
IL Limiting current under convective-diffusion    A 
lp  Pore length        cm  
ls Strut length        cm 
L Length of porous electrode      cm 
M A constant in equation (7)      dimensionless 
N A constant in equation (7)      dimensionless 
p Pressure        Pa 
Q Volumetric flow rate of electrolyte     cm3 s−1 
S Separation between electrode and membrane    m 
v Linear electrolyte flow velocity past the RVC surface  cm s−1 
vcrit Critical flow velocity       cm s−1 
Ve Volume of RVC electrode      cm3 

Xa Fractional conversion of reactant     dimensionless 
z Number of electrons in the reaction     dimensionless 
 
Greek 
ε Volumetric porosity       dimensionless 

σ Dispersion ratio, σ = dp/ds      dimensionless 
κ Permeability of the porous medium     cm2 
γ Pore aspect ratio, γ = l/dp      dimensionless 
ν Kinematic viscosity of electrolyte     cm2 s−1 
ρ Fluid density of electrolyte      g cm−3 
µ Dynamic viscosity of electrolyte     g cm−1 s−1 
 
Dimensionless groups 
Re Reynolds number, Re = vd/ν      dimensionless 
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Sh Sherwood number, Sh = kmd/D     dimensionless 
Sc Schmidt number, Sc = ν/D      dimensionless 
 
Abbreviations 

BDD boron-doped diamond 

CFU colony-forming units 

CNFs carbon nanofibres 

COD chemical oxygen demand 

CT computed tomography 

EIS electrochemical impedance spectroscopy 

EF electro-Fenton 

EtAQ 2-ethyl-9,10-anthraquinone  

FTIR Fourier transform infrared 

GCMS gas chromatography mass spectrometry 

ITO indium-doped tin oxide 

MAA methacrylic acid 

MFC microbial fuel cell 

ppi pores per linear inch 

PEDOT poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

PPy polypyrrole 

PZQ praziquantel 

RCE rotating cylinder electrode 

RFB redox flow battery 

RVC reticulated vitreous carbon 

SEM scanning electron microscopy 

TCF trichlorfon  

TiNT titanate nanotubes 

TOC total organic carbon 
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1. Introduction 

The restricted active surface area and low mass transport at two-dimensional, flow-by 

electrodes severely limits their space-time yield in electrochemical conversion 

processes. The implementation of three-dimensional electrodes can address these 

issues by providing high active surface area and high mass transport of the 

electroactive species [1]. Various porous, three-dimensional materials in a flow-though 

configuration are used for this purpose, including packed beds, stacked meshes, foams 

and felts [2]. Metal, carbon-based, and ceramic-coated materials are available. 

 

Reticulated vitreous carbon (RVC) is a solid foam constituted by open cells of vitreous 

carbon, a material with high electrical and thermal conductivity. The adjective 

reticulated means “constructed, arranged or marked like a net or part of a network”. 

RVC is has a remarkably high surface area and high void volume, which translate into 

low resistance to electrolyte fluid flow. The rigid structure of RVC has low density 

and a low thermal expansion coefficient along with a relatively wide chemical and 

thermal stability, except in strongly oxidizing media. These characteristics have 

encouraged applications in diverse areas such as fuel filtration or chemical catalyst 

supports as well as in fundamental and applied electrochemistry. 

 

RVC is comprised of rigid open-cells, i.e., pores which are spatially connected within 

skeletal, strut boundaries to form a network; the pores form a continuous phase [4]. 

Three-dimensional electrode materials such as RVC allow operating flow cells at high 

current densities while producing low pressure drop. Moreover, the material can be 

coated with catalysts or hold active materials within its pores. RVC is brittle and needs 
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mechanical support, especially in filter-press flow cells where the compression of the 

electrode material has to be carefully controlled. As with other porous materials, the 

potential and current distribution through the electrode has to be considered due to the 

restricted conductivity of this very high (typically ca. 97%) porosity material, 

corresponding to a relative density of only 3%. 

 

Its importance as a 3-D electrode, together with other carbon materials, has been 

reviewed [2] and manufacturer’s data are available [3]. An early electroanalytical 

review indicating the promise of RVC was provided by Wang in 1981 [5]. Earlier 

information on RVC and its electrochemical characteristics were provided in a 2004 

review [6]. Recently, the properties and applications of RVC were considered for 

hydrogen and oxygen evolution [7]. Recent advances in the characterization of solids 

via tomography [8], 3-D printing of polymeric precursors [9], and modelling of porous 

electrodes [10], help justify renewed attention to the structural properties of RVC. 

 

The time-line in Figure 1 shows some of the highlights from solid foam structure and 

RVC electrode studies over more than 30 years. Conceptually and mathematically, the 

structure of RVC may be considered as a homogeneous, three-dimensional network of 

pores bounded by a skeletal carbon framework interrupted by a high pore density. In 

order to appreciate the unusual nature of RVC, it is important to understand the 

manufacture, structure and property relationships (Figure 2), which continue to result 

in electrochemical and other applications. RVC is fragile; the material can be easily 

cut to size and shaped by, e.g., a sharp steel blade or a tensioned steel wire but suitable 

eye protection should be used to safeguard against stray barbs. 
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2. The manufacture and structure of RVC 

2.1 Manufacture and modification 

Historically, the first patent for the manufacture of RVC in 1969 [13] followed a 

patent for glassy carbon production which was granted in 1963 [12]. RVC is produced 

by heating a polymerized resin precursor containing foaming agents in an inert 

atmosphere at 120 ºC, followed by a second high temperature (700–1100 ºC) treatment 

that carbonizes and vitrifies the precursor foam. Polyurethane and phenolic resins are 

the preferred starting materials but alternatives include furfuryl alcohol (2-

furanmethanol) and epoxy resins. RVC can also be prepared from high molar mass 

thermoplastic hydrocarbons [30]. The properties of RVC are determined by a number 

of factors, including: resin composition, solvent, solution viscosity, curing agents, 

precursor foam pore size and treatment temperature. Throughout these stages, the 

precursor foam suffers a linear shrinkage of ca. 30%. 

 

Some studies have considered RVC manufacture from alternative precursors. For 

example, a polyurethane foam–clay foam precursor, infused with furfuryl alcohol, then 

carbonised at 900 oC for 2 h in an argon atmosphere	has been reported [31]. X-ray 

diffraction, scanning electron microscopy and Raman spectroscopy techniques were 

applied to characterise the resultant RVC. It was claimed that addition of clay 

permitted control of the cell size of carbon foams. The foams from clay precursors had 

a higher content of open cells allowing furfuryl alcohol to diffuse uniformly, 

producing high-density foams of higher electrical conductivity. 
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While the majority of studies have utilised isotropic RVC, there is the possibility of 

tailoring its densification (typically by selective resin impregnation followed by 

heating) to modify its isotropy for specialised uses [32]. RVC can be readily coated by 

a range of materials to increase its diversity, as illustrated in section 4.	

 

2.2. The structure of RVC 

From a fundamental viewpoint, the structure of RVC is close to classical mathematical 

porosity problems of packing pores into a given space, which were considered as early 

as 1887 in the Kelvin conjecture [11]. Kelvin considered how space could be 

partitioned into cells of equal volume with the least area of surface between them to 

find the most efficient bubble foam. He proposed a foam based on the bitruncated 

cubic honeycomb, known as the Kelvin structure. This is a convex uniform 

honeycomb formed by the truncated octahedron, which is a 14-faced space-filling 

polyhedron (a tetradecahedron), with 6 square faces and 8 hexagonal faces. Kelvin 

proposed that a 14-sided truncated octahedron having a very slight curvature of the 

hexagonal faces, i.e., a foam of bi-truncated cubic honeycomb is the most efficient 

one. The Kelvin conjecture was widely accepted and no counter-example was known 

for more than 100 years, until it was disproved in 1994 by the Weaire–Phelan structure 

[20]. The latter is a complex 3-dimensional structure representing an idealised foam of 

isometric pores found from a mathematical computer simulations of a solid foam. 

Such complex structures have been recently produced by rapid prototyping techniques 

and their flow properties have been studied [33]. 
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The structure of RVC may be considered as an interpenetrating network of 

interconnected pores bounded by skeletal vitreous carbon struts. The material has a 

free void volume (volumetric porosity) of between 90% and 97%, depending on the 

ppi (pores per linear inch) porosity grade and an approximate volumetric surface area 

of 65 cm−1, for the 100 ppi grade [3]. The material does not burn after heating to bright 

incandescence in air followed by removal of the heat source. Heating above 315 ºC in 

air, however, results in significant oxidation, producing a material showing enhanced 

chemisorption. RVC is highly resistant to intercalation by materials that disintegrate 

graphite and is inert to a wide range of very reactive acids, bases, and organic solvents. 

RVC can be obtained from suppliers of electrode materials. 

 

Figure 3 presents SEM images of 10, 30, 60 and 100 ppi grade samples of RVC, 

showing that several porosity grades with a pore size in the range 0.1 to 1 mm have a 

similar structure. Solid foams are classically characterised by geometric features of the 

pores, such as a) pore “diameter”, dp, b) pore length, lp, c) pore aspect ratio, γ = l/dp, d) 

pore orientation and e) pore volume fraction, i.e., volumetric porosity, ε. Four 

variables need to be taken into account to characterise the structure of a particular 

sample of RVC foam: a) the number of pores per linear inch (ppi), b) the strut length, 

ls, c) the strut thickness, ds and d) the surface area of the trigonal strut, As. 

 

The honeycomb skeletal structure of carbon shown in Figure 4 for 10, 30, 60 and 100 

ppi samples is formed by strands of carbon or struts. These strands unite at a so-called 

trigonal strut, providing a tetrahedral body that gives rigidity to the RVC. An 

advantage of this open structure, in contrast to other carbon foams, is that flow 
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permeability is high and thus a flowing aqueous electrolyte experiences a relatively 

low pressure drop. For instance, from 0.75 (10 ppi) to 15 mbar (100 ppi) at a mean 

linear flow velocity of 400 cm s−1
 [6]. 

 

To characterise the structure of RVC samples, the lengths and widths of the carbon 

struts have been measured [35]. The area of the trigonal struts has been determined for 

all porosity grades [6]. The strut length was measured from the centre of the limiting 

trigonal struts (Figure 4), where the centre of the trigonal struts was taken at the centre 

of the estimated point of intersection of the three component struts of the trigonal strut. 

Similarly, strut thickness measurements have been taken of a carbon strut half-way 

between two trigonal struts. The trigonal strut area was measured by using an inscribed 

circle to approximate it (Figure 5a). The area of this circle was used as the area of the 

trigonal strut [34]. The characteristic trigonal strut in RVC results from the fact that 

this shape leads to the minimisation of surface free energy during formation of the 

foam from the initial colloidal emulsion. Figures 5b) and 5c) show images indicating 

the length and thickness of the strut and the cell size distribution in the RVC, 

respectively. 

 

Figure 6 shows an SEM micrograph of two neighbouring pores, which are 

interconnected, sharing a common boundary [36]. The brittle nature of RVC leads to a 

high number of broken struts at the sample edges, which further complicates 

dimensional measurements. Individual cell dimensions were preferably taken from 

unbroken cells, which particularly impact the number of cells available for analysing 

the low porosity grade samples. The struts in a sample of RVC can vary considerably 
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in length and width, depending on the porosity grade. The accuracy of any 

measurement is hampered by the need to define clearly where the transition from 

trigonal to single strut takes place. In high porosity (ppi) grade RVC, the skeletal 

strands in its structure become smaller and thinner. 

 

Average measurements from all RVC samples are summarised in Table 1 and 

illustrate that data collection via the SEM provide useful data to characterise the RVC 

structure. Measuring strut length and thickness is straightforward as illustrated in 

Figure 5. The window area is equivalent to pore size in such open pore foams and was 

calculated from the results for cell length and size in the line direction and 

perpendicular to the line direction, as shown in Figure 5c). These two lengths were 

used to achieve an ellipsoidal area, which was taken as the approximate window area. 

As Table 1 shows, the higher porosity grades of RVC are very isotropic. The structure 

of RVC involves a pore network and two adjoining pores are shown in the manner of 

fused alveoli in the SEM micrograph of Figure 6. The distribution of pore sizes in 

RVC has been established by analysis of multiple SEM images, as shown for 10 ppi 

and 30 ppi porosity grades in Figure 7 [36]. The data show a moderately wide 

distribution of pore size about the expected maxima of approximately 1 mm and 1.8 

mm, the higher grade showing a narrower profile. 

 

The length and area characteristic dimensions in the RVC structure also decrease with 

smaller pore size, as seen in Figure 8a) and 8b), respectively. Geometrical 

measurements of four porosity grades of RVC are summarised in Table 1. One of the 

most important characteristics is the electrode area per unit electrode volume (or 
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“volumetric area”), Ae, which increases linearly with the RVC grade, leading to a 

maximum of ca. 65 cm2
 cm−3

 for the 100 ppi porosity grade. Figures 9a) to 9c) clearly 

show a geometric relationship between volumetric area, pore diameter and strut length. 

Such results provide important structural information, based on simple image 

measurements such as determining the average strut length, ls. The decrease of strut 

length in higher porosity grades is shown in Figure 9d). The dispersion ratio is defined 

as the ratio of pore diameter to strut thickness: 

 

 σ  = dp/ds         (1) 
 

Progress with instrumentation and software for structural analysis of solids has 

facilitated a movement away from pixels and 2-D representations to voxels and 3-D 

appreciation of structure using techniques, such as X-ray computed tomography in 

concert with software for digitised image manipulation, despite the inherently data rich 

nature of this approach [37]. Moreover, mathematical models are available for the 

estimation of the thermal [38] and electrical [39] conductivity of these structures. 

 

Surface defects on the RVC strut surface, such as ripples can often be traced to the 

manufacturing process and have been considered in detail elsewhere [40]. The degree 

of graphitisation of RVC can be characterised, in comparison to other carbon 

materials, by Raman spectroscopy and X-ray diffraction. For example, Baldan et al. 

studied RVC carbonized at different temperatures [41]. The crystallite size was 

determined and the results from Raman spectroscopy contrasted in terms of the 

implemented formulae. It was highlighted that heat treatment reduced the presence of 



 
 

 

 
14 

structural defects and that X-ray diffraction is more accurate for the characterization of 

crystallite size in such materials. 

 

3. Physicochemical characterisation 
 

3.1. Porosity and pressure drop 

The simplified case of single phase, incompressible liquid flow through a 

homogeneous porous solid is considered as is common with aqueous electrolytes. 

RVC is a highly porous solid foam experiencing a relatively low pressure drop, Δp, 

across an electrode when a steady volumetric flow rate of electrolyte, Q, passes 

uniformly through it, with a mean linear velocity, v, past the solid electrode surface. 

The pressure drop over the porous electrode is important since it directly affects the 

pump size and electrolyte circulation power requirements as well as the type and 

degree of sealing needed in the electrochemical cell. At relatively low flow rates, the 

flow regime is laminar and a linear transport law, the empirical Darcy’s law 

expression [42], may be used to relate Δp over a uniform, porous medium of length L 

to the volumetric flow rate through it, Q: 

 

 Q = –κAXSΔp/L        (2) 

 

where κ is the permeability of the medium having a cross-sectional area AXS. At higher 

flow rates, the incidence of turbulent flow makes the empirical Ergun equation more 

appropriate, as indicated in section 3.2. 

 

3.2. Volumetric area and mass transport 
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The large surface area and high porosity of the RVC material has attracted great 

interest as high rates of conversion per unit volume can be achieved. Nevertheless, an 

electrochemical cell for RVC electrodes must consider current and potential 

distribution and minimization of internal resistance as well as developing high rates of 

mass transport of electroactive species to the electrode surface [43]. The electrode 

potential can be close to constant and the current distribution uniform over the 

electrode surface in low thickness material. In order to reduce the effects of parasitic 

reactions, attention should be given to the degree of reactant conversion and allowable 

potential drop, both being well-treated in the literature [44-46]. Assuming a mass 

transport controlled reaction, the global performance of a flow cell can be expressed as 

the product of average mass transport coefficient, km, and volumetric electrode area, Ae 

[2]: 

 

kmAe = IL/VezFc        (3) 

 

where IL is the limiting current, z the number of electrons, F the Faraday constant, Ae 

the volumetric electrode area, Ve the electrode volume and c the bulk concentration of 

electroactive species. 

 

One of the simplest methods for determining kmAe is direct estimation of the limiting 

current, IL from linear sweep voltammetry of cupric ion removal on RVC from 1 mmol 

dm−3 Cu2+ ions in pH 2 sulphate solution at 298 K under controlled flow conditions. IL 

values are shown as a function of Cu2+ ion concentration in Figure 10a). Under 

controlled flow conditions, the mass transport environment can be described by 
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dimensionless numbers [43,44]. For an electrolyte of known viscosity, composition 

and temperature, the product of the mass transport coefficient, km, and the volumetric 

electrode area, Ae, can be expressed by an empirical power law: 

 

kmAe = avb         (4) 

 

where v is the electrolyte velocity; a and b are empirical constants that depend on 

electrode shape and type of flow. The product kmAe can be found from conversion data 

using an RVC flow cell. An example is the work by Whyte et al. [35] on cupric ion 

removal from 1 mmol dm−3 Cu2+ ions in pH 2 sulphate solution at 298 K using an 

RVC cathode in a divided, rectangular, flow-by cell in the batch recycle mode to a 

2500 cm3 reservoir. Under potentiostatic control of the cathode such that complete 

mass transport control of copper deposition occurred, the concentration of cupric ions, 

c(t), in a reservoir of volume VR could be related to its initial value, c(0), via a simple 

first order expression: 

 

 c(t) = c(0) exp [–kmAe(Ve/VR)t]       (5) 

 

or in linearised form: 

 

ln [c(t)/c(0)] = –kmAe(Ve/VR)t       (6) 

 

Figure 10b) shows a plot of kmAe as a function of mean linear electrolyte velocity, 

obtained from semilogarithmic plots of c(t)/c(0) vs. time for four porosity grades of 
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RVC, allowing kmAe to be found from the linear slopes using equation (6). The kmAe 

values for RVC are seen to: a) be comparable to, but slightly lower than, those for 

reticulated nickel and b) increase with porosity grade, the 100 ppi material having the 

highest values. 

 

The product kmAe can also be estimated from pressure drop measurements and 

application of the Ergun equation, which relates pressure drop per unit length of the 

RVC electrode, Δp/L, to mean linear electrolyte velocity, v: 

 

 Δp/Lv = Mv + N        (7) 

 

where M and N are empirical constants [45,47]. Linear plots of Δp/Lv as a function of 

v for four porosity grades of RVC in an electrolyte containing 1 mmol dm−3 Cu2+ ions 

in pH 2 sulphate solution at 298 K (Figure 10c), allow the constants M and N to be 

found from the slope and intercept on the Δp/Lv axis, facilitating the characterisation 

of RVC porosity. 

 

The volumetric electrode area, Ae, is related to the electrode area per unit solid 

volume, Asv, and electrode porosity, ε, by: 

 

 Ae = Asv(1–ε)         (8) 

 

The dynamic viscosity of the electrolyte is the product of the kinematic viscosity and 

the fluid density:  
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 µ = ν ρ          (9) 

 

The parameters e, Ae and Δp/l are useful in comparing the area and performance of 

RVC with other porous, 3-dimensional electrode materials. 

 

3.3 The critical electrolyte flow velocity 

For high reactant conversion in an RVC flow by cell, the radial diffusion time, r2/2D, 

should be much shorter than the electrolyte residence time in the reactor. It is useful to 

define a dimensionless parameter, φ: 

 

 φ  = 2v/4DLAe
2        (10) 

 

At the critical linear velocity, vcrit, pore diffusion is equal to residence time and 

equation (10) becomes: 

 

 Ae  =  (2ε vcrit / D L)1/2        (11) 

 

Figure 11 shows a log-log plot of the fractional conversion of reactant (1 − c(t)/c(0)), Xa, 

against v, which allows the critical velocity to be estimated from extrapolation of the 

linear regions on the (1 − c(t)/c(0)) axis to a fractional conversion of 100% [35]. 

Equation (11) allows the Ae values of the 10, 30, 60 and 100 ppi grades to be estimated 

as 13 cm−1, 25 cm−1, 45 cm−1 and 64 cm−1, respectively. 
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3.4 The characteristic length in RVC and comparison with other 3-D electrodes 

The characteristic length in RVC can be pore, channel or particle based. For example, 

it can be based on pore diameter, dp, which is sometimes referred to as the equivalent 

diameter of a rectangular flow channel [2]: 

 

 de = 2BS / (B+S)        (12) 

 

where B is the breadth of the flow channel, which is the same as the width of the 

electrode and S is the separation between the electrode and the membrane in a flow-by 

configuration. 

 

This characteristic length can be used in the empirical correlation of Reynolds, 

Sherwood and Schmidt numbers to describe mass transport in terms of the porous 

electrode, flow conditions and transport properties of the electrolyte [1,43,44]: 

 

 Sh = a Reb Scc         (13) 

 

In order to place RVC in perspective, its volumetric porosity and volumetric area are 

given alongside other porous, 3-dimensional electrode materials in Table 2. Several 

trends are apparent: a) the open-pore foams, including RVC all have a volumetric 

porosity of at least 97%, b) the porosity of foams is much higher than metal meshes, c) 

the latter can have superior volumetric area and d) the volumetric area of electrodes 

increases for higher porosity grades, e.g., for RVC, the values range from 8.5 cm−1 (10 

ppi grade) to 66 cm−1 (100 ppi grade). 
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One of the features of RVC electrodes is versatility (Figure 12). The core material may 

be modified to be non-isotropic by densification or a second fibrous network may be 

interposed to produce a hybrid foam/fibre structure. The surface of the material can be 

modified by many different electrocatalysts, either as continuous films or as 

particulate decorations. 

 

4. Surface coatings on RVC 

4.1 Electrodeposition of metals 

Figure 13 shows a segmented RVC cathode Hull cell used to study copper deposition 

from dilute metal solutions, in this case 0.050 mol dm−3 Cu2+ in 0.5 mol dm−3 Na2SO4 

at pH 2 [51]. The morphology of the metallic deposits as a function of current density 

on the RVC can be studied in this way. Figure 14 shows SEM microscopy images of 

copper coating on RVC. Figure 14a) shows that no copper nucleation takes place 

farthest from the anode, while closest to the anode the deposits are dendritic, as shown 

in Figure 14f). Copper nucleation on an electrode at 10 mA cm−2 and smooth copper 

deposition at 20 mA cm−2 can be seen in Figure 14b) and Figure 14c), respectively. 

Copper is deposited as localized nodules at 70 mA cm−2 and “cauliflower” structures 

at 80 mA cm−2 in Figure 14d) and Figure 14e), respectively. As expected, current 

density drives the mechanism of deposition and its careful control, along with 

deposition time, can be exploited to produce tailored metalized RVC. 

 

RVC has been used as a matrix for the electrodeposition of noble metals and alloys 

such as Pd, Pd-Rh and Pt-Rh [52]. The electrode surface areas were determined by 
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hydrogen and carbon dioxide absorption as a function of applied potential and the 

electrochemical behaviour studied with cyclic voltammetry. No significant differences 

were found in the absorption of carbon dioxide on the Pt-Rh alloys deposited on RVC 

and Au wires. This implies fully coated RVCs, which show higher electrocatalytic 

activity and corrosion resistance. 

 

A flow-through cell has been used to study the nucleation of gold particles as a 

function of time to decorate the RVC electrodes with surfaces of 1.0 cm2 and 750 cm2 

[53]. The deposition process at a given applied potential was dependent on the 

relatively high ohmic drop through the porous structure. On high surface area RVC, 

the density of gold nucleation sites was 30% lower, but larger particles were produced. 

The electrochemical cell CR time constant was found to be a way to control surface 

coverage and particle size. 

 

Pt-loaded 60 ppi RVC electrodes have been operated under flooded and flow-through 

electrolyte conditions for ozone generation in sulfuric acid solutions [54]. The 

maximum achieved current efficiency was 2.2%, resulting in an energy consumption of 

3.0 W h kg−1. A higher concentration of sulfuric acid increased the ozone generation 

rate, while the electrolyte flow rate had little effect on the efficiency of the process. 

The Pt-loaded electrodes showed susceptibility to catalyst loss, as shown in the SEM 

images of the electrode surfaces before and after electrolysis (Figure 15). More 

appropriate Pt deposition conditions could have been used to produce more compact 

morphologies and improved coverage of the RVC surface. 
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4.2 Metal oxide coatings 

Metal oxide coatings have proved to be important as electrocatalysts for batteries 

(section 6), solar cells and electrosynthesis (section 5.3). For example, Tissot and 

Fragnière coated 30 ppi RVC with PbO2 and used them as anodes for the continuous 

oxidation of cyanide in alkaline conditions [55]. The electrodes showed good stability 

over 120 h of operation and the oxidation occurred with an efficiency of 

approximately 50%. The authors also provided an estimation of the mass transport 

coefficient at the RVC electrodes under different electrolyte flow rates. Czerwinski 

and Zelazowska also studied the electrochemical performance of PbO2 deposited on 

RVC and Pt-loaded RVC in sodium hydroxide, sodium borate and sulfuric acid 

solutions [56]. An important finding was that coated RVC electrodes can show a 

comparable behaviour to that of similarly coated metal electrodes. The lead dioxide 

coating was more irreversible in borate solutions, while the presence of Pt on the RVC 

surface significantly affected the deposition mechanism in all the media studied. The 

effects of oxygen and hydrogen evolution at Pt, however, were not considered. 

 

The electrochemical behaviour of MnO2 deposited on RVC by cyclic voltammetry in 

sulfuric acid has been investigated in detail [57]. The MnO2 films were produced by 

anodic oxidation of Mn2+ ions and compact uniform coatings were produced at higher 

electrolyte stirring rates. The authors claimed that restricted mass transport to the 

interior of the pores resulted in a simultaneous chemical deposition mechanism that 

reduced the stability of the coatings. Coating of the RVC in a flow-by configuration, 

rather than by poorly controlled electrolyte stirring, could avoid these effects. 20 ppi 
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grade RVC was suggested as a current collector or cathodic mass holder in zinc-

manganese dioxide batteries. 

 

RVC coated with TiO2 and CuO/TiO2/Al2O3 catalysts via electrophoresis has been 

applied to the degradation of paracetamol in the presence of hydrogen peroxide [58]. It 

was found that the 100 ppi RVC anodes coated with CuO/TiO2/Al2O3 allowed removal 

of 90% of the drug in ca. 2 h, in contrast to the ca. 4 h required using a TiO2-coated 

RVC. The application of UV light to induce a photoelectrochemical reaction resulted 

in 98% degradation of paracetamol in only 1 h. Reaction intermediates, such as 

benzoquinone and carboxylic acids, were detected by using UV spectroscopy and 

apparently reduced the reaction rate of the degradation process. 

 

A patent describes RVC coated with tin-doped indium oxide (ITO) nanoparticles, and 

possible additional catalysts, including many combinations of doped tin oxide, 

antimony oxide, gallium oxide, indium oxide, zinc oxide, copper oxide and aluminum 

oxide [59]. The resulting hybrid electrodes prepared from suspensions can provide a 

versatile platform for a variety of applications in analysis and electrocatalysis, such as 

water oxidation and oxidation of organics by surface-bound transition metal catalysts 

[60]. 

 

4.3 Electrically conductive polymer films 

The deposition of conductive polymers on RVC electrode has also received 

consideration. This is the case of polyaniline films produced by chemical and 

electrochemical methods. Low-stability polyaniline/poly(p-styrenesulfonic acid) films 
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were first prepared from aqueous solutions followed by thermal treatment [61]. 

Thicker electrodeposited polyaniline coatings have been studied by cyclic 

voltammetry and electrochemical impedance spectroscopy [62], revealing that the 

thickness of the RVC reduced charge transfer resistance, particularly when the 

polyaniline was electrodeposited. Analysis of the films by SEM, suggested that the 

potential distribution on the RVC in various morphologies resulted in different 

polyaniline oxidation rates. 

 

Polypyrrole films on RVC have been considered for controlled drug release. For 

example, the antischistosomiasis compounds, praziquantel and trichlorfon, have been 

co-deposited into polypyrrole films on RVC using electrochemical methods [63]. 

Trichlorfon could be released from the films facilitating further development of in-vivo 

drug delivery applications; at −400 mV vs. SCE, 6.43 µmol could be released after 1 h. 

In another study, heparin-doped polypyrrole RVC electrodes were developed for the 

separation of heparin [64]. Thrombin was successfully absorbed on the electrodes at a 

potential of -0.3 V vs. Ag/AgCl but the application of a positive potential did not yield 

a significant release of the protein. The use of a medium of high NaCl content (4 mol 

dm−3) could be used for this purpose. 

 

Polypyrrole deposited on RVC has been studied as a microbial fuel cell electrode by 

Korean workers [65]. The authors claimed a power enhancement with a maximum 

power density of 1.2 mW cm−3. Polythiophenes such as poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT) have attracted much interest 

as stable, electronically conducting polymers for electronics and electrochemical 
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sensor applications. A recent Wollongong University PhD thesis has extensively 

examined PEDOT electrodeposited on RVC to produce high surface area, flow-

through electrode structures [66]. In particular, such composite structures were shown 

to be promising for capacitive deionisation. 

 

4.4 Composite coatings 

A range of polymer-ceramic and ceramic-metal composite coatings have been 

deposited on RVC using vapour deposition, sol-gel, electrophoretic and 

electrodeposition techniques. For instance, high surface area electrodes consisting of 

thin layers of nanostructured, N-doped indium tin oxide (nanoITO) on RVC have been 

reported [60]. These highly stable electrodes were produced by binding phosphonate 

derivatives of a rutile catalyst, giving a RVC/nanoITO-RuII-OH2
2+ coating. The 

oxidation of benzyl alcohol to benzaldehyde was performed with 75% current 

efficiency. As mentioned in section 4.2, a patent application includes composite 

materials containing nanoparticles of conductive, transparent metal oxide catalysts, 

such as tin-doped indium oxide (ITO) on RVC [59]. 

 

Polyaniline/palladium composites can be deposited on RVC electrochemically, and 

show interesting behaviour for hydrogen adsorption [67]. The distribution of the 5 nm 

palladium crystals depended heavily on the concentration of polyaniline and on the 

mode of deposition. A two-step deposition resulted in a better distribution of the 

crystals. As expected, these composites had a lower hydrogen/palladium ratio than 

palladium/RVC electrodes. 
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The enhancement of an RVC structure by the introduction of a fibrous web provides 

an improved support for many electrocatalysts to form a composite electrode surface. 

Such webs may be introduced by microwave treatments of precursor-coated RVC 

surfaces [68], metallic nanoparticles being one obvious electrocatalyst. Ion-doped 

polymer composite films on RVC have been studied for battery applications, as 

illustrated in section 6.1. 

 
5. Environmental remediation 
 
Table 3 provides a profile of environmental remediation studies involving RVC. 

Contaminants have ranged from single metals in uncomplexed electrolytes to high 

relative molar mass organic molecules. Both cathodic and anodic treatments have 

utilised RVC electrodes; coated and hybrid electrode surfaces have been used in 

addition to bare RVC. The majority of studies have involved batch recirculation 

through a divided, rectangular channel flow cell, e.g., [19,69,70]. Single pass of an 

effluent stream through a cascade cell, having 8 identical catholyte compartments, has 

been demonstrated to reduce the concentration of a 100 mg dm-3 acidic cupric ion 

stream to <1 mg dm−3 [71]. A wide variety of contaminants, electrolytes and reactions 

is evident in Table 3, ranging from deposition of single metals from uncomplexed 

media [19,69], anionic complexes [35]  or reduction of toxic metal ions [72,73], 

deposition of one metal from a mixture [35] and the effect of the electrolyte medium 

[74]. In the case of organic contaminants, such as model or actual dyes, oxidation can 

be achieved by direct anodic treatment, in-situ peroxide generation [75], an oxygen 

transfer anode [76] or an electro-Fenton [77,78] process. 

 

5.1 Cathodic metal ion removal 
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A case study has illustrated the superiority of a 25 cm3 100 ppi RVC cathode over a 

carbon plate for cupric ion removal from an acid solution in a simple, cation exchange 

membrane divided H-cell consisting of two 250 cm3 beakers [79]. During 1 hour 

operation at constant current, the concentration of Cu2+ was reduced from 650 ppm to 

below 1 ppm. The normalized change of concentration vs. time was then used to 

determine the product of mass transport coefficient and electrode area as a means to 

quantify the performance of the electrode materials. RVC showed a value of 2.0 × 10−4 

s−1, nearly one order of magnitude higher than the plate electrode. The authors noted 

that the metal ion removal workshop described had been effective at engaging 

environmental science and engineering students with electrochemical environmental 

technology. 

 

A segmented flow reactor using RVC cathodes under potentiostatic control has been 

successfully used to selectively recover Ag/Cu/Zn and Cu/Cd/Zn from electroplating 

baths [80]. It was found that the process was highly dependent on the solution pH, but 

less dependent on the RVC porosity or electrolyte flow rate. 

 

The removal of Zn is also possible in flow reactors using RVC cathodes. Iacovangelo 

and Will [81] studied the morphology and deposition distribution of Zn at RVC 

electrodes using X-ray imaging. Deposition took place in bromine-containing solution 

for the Zn-Br2 battery. RVC grades from 45 to 100 ppi were evaluated, as well as the 

effect of flow rate and current density. The penetration of the metallic deposit into the 

porous structure was poor, due to ohmic effects, but the use of dendrite inhibitors 

resulted in compact morphologies. Following previous work, Lanza et al. [82] studied 
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the current density distribution throughout the volume of the electrodes from the 

thickness of the metallic deposit using tomography after the electrolysis. As expected, 

the local current within the RVC material was higher at electrode edges and affected 

by the distance from the counter-electrodes. In this study, the concentration of Zn2+ in 

an acid chloride bath was reduced from 50 to 0.1 mg dm−3 in less than 40 min. 

 

5.2 Oxidation of organics 

The reduction of Cr(VI) to Cr(III) ions in acid solution at a polyaniline coated 60 ppi 

RVC cathode in a flow cell was studied from a reactor kinetics perspective by Ruotolo 

and Gobulin [83]. Mass transport rate control was highlighted as well as the necessity 

of cathodic protection to extend the stability of the polyaniline film. The optimization 

of hydrodynamic conditions was later performed, showing that at a mean linear flow 

velocity of 27 cm−1 mass transfer was maximized [73]. More significantly, this group 

later estimated the mass transport coefficient at RVC electrodes from the reactant 

conversion over time using mathematical reactor models [84]. km was determined for 

various flow rates. For example, at a linear flow velocity of 27 cm−1 it was ca. 1.85 x 

10−2 cm s−1. Current vs. potential measurements related to the theoretical potential 

profile at the electrodes were found unsuitable for the same purpose, as the porosity 

and tortuosity of RVC was not considered. Such models deserve more attention, 

particularly when tortuosity data is available, e.g., from acoustic studies [85], or for 

similar materials [86]. 

 

The indirect oxidation of aromatic compounds and azo-dyes in industrial wastewater 

by an anodic Fenton treatment has become an attractive method in recent years, and 
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RVC electrodes can be effective cathodes. For instance, Fenton’s reagent (Fe2+/H2O2) 

has been successfully produced electrochemically under mildly acidic solutions using 

RVC cathodes, permitting the oxidation of 1 kg of phenol at SnO2-coated Ti foam 

anodes with an associated electrical charge consumption of 6.3 kA h at 100 A m−2 [87]. 

This was carried out by Fe2+ ion addition or by reducing Fe3+ ions electrochemically in 

the reactor with the simultaneous electrochemical production of H2O2 via reduction of 

dissolved oxygen. Hydroxyl radicals (OH•) are produced in solution by reaction of Fe2+ 

ions with H2O2 as indicated in the following reactions: 

 

O2 + 2H+. + 2e− =  H2O2       (14) 

 

Fe2+ + H2O2   =   Fe3+ + OH− + OH•       (15) 

 

Fe3+ + e−   ↔   Fe2+        (16) 

 

This system enabled the continuous generation of both H2O2 and Fe2+ ions at the 

cathode, allowing the control of in-situ OH• formation. Oxygen necessary for 

production of H2O2 was regenerated at the anode by oxidation of water: 

 

H2O − 2e−   =   ½O2 + 2H+       (17) 

 

The hydroxyl radical is a powerful oxidant capable of oxidizing a large variety of 

organic pollutants, to produce dehydrogenated or hydroxylated derivatives, prior to 

conversion into CO2 and H2O. The generation of H2O2 in chloride and sulfate acid 
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media at RVC cathodes in a filter-press cell was also considered by Álvarez and 

Pletcher [88]. Using 100 ppi RVC, current efficiencies of 70% could be achieved. 

Relevant to an electro-Fenton processes, it was seen that the presence of Fe2+ posed no 

impediment to the formation of peroxide. 

 

Decolourisation and mineralization of azo dyes such as orange-G can be performed 

using the electro-Fenton reaction at TiO2 anodes via the generation of H2O2 at RVC 

cathodes [26]; it was noted that the current efficiency of H2O2 production was highly 

dependent on the concentration and acidity of the electrolyte. Furthermore, Levafix 

Blue CA and Levafix Red CA reactive dyes can be removed from waste waters by 

anodically electro-generated Fenton's reagent using RVC as cathode [89]. The 

oxidation was monitored over time by UV-visible absorbance measurements, chemical 

oxygen demand and HPLC. After 90 min treatment in a batch cell, both dyes were 99% 

mineralized with a combined COD removal of 82.2%. 

 

Destruction of pharmaceutical products by electrochemical means can prevent their 

discharge to natural waters, where they can pose a risk to the environment and, 

potentially, the water supply for human consumption. This is the case of the common 

antiseptic triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol). Knust et al. have 

evaluated its direct reduction at RVC electrodes in a dimethylformamide medium 

containing 0.10 mol dm−3 tetra-n-butylammonium tetrafluoroborate [90]. Cyclic 

voltammetry at glassy carbon electrodes revealed three reduction peaks for triclosan 

and potentiostatic electrolysis at different cathodic potentials resulted in different by-
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products. For an initial concentration of 0.02 mol dm−3 at an applied potential of −2.1 

V vs. SCE, a reactant conversion of 81% was achieved. 

 

Cathodic reduction of Cr(VI) to Cr(III) in waste electroplating baths has been studied 

at 30, 45, 65 and 100 ppi RVC electrodes in a divided parallel-plate reactor with batch 

recirculation of electrolyte [72]. The current efficiency of the reaction was determined 

by the applied potential in the cell. At −0.8 V vs. Ag/AgCl, the efficiency was only 

24% but a 100% reduction of Cr(VI) was achieved. Significantly, the relation of the 

porosity of RVC to the mass transport and volumetric electrode area developed under 

flow was studied and mass transport coefficient estimated for each ppi grade. The 

highest value was observed at 30 ppi RVC. The concentration of Cr(VI) decreased up 

to <0.1 mg dm−3 after 43 min of reduction, a level below that set by environmental 

regulations. 

 

The application of RVC anodes to soil remediation has been explored too. RVC grade 

100 ppi has been impregnated via the sol-gel method with TiO2 for this purpose [91]. 

It was found that the electroosmotic flow and proton generation was significantly 

increased by the anatase coating, increasing the rate of phenanthrene removal from 

clay soil samples. An 80% reduction in the concentration of the organic compound 

was achieved, and similar results could be expected from other hydrocarbon 

pollutants. 

 

Anodic oxidation of dyes such as methyl orange in industrial wastewater treatment has 

been carried out at nanostructured β-PbO2-RVC anodes [76]. Such 3-D electrodes 
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were prepared form aqueous Pb(II) in methanesulfonic acid and showed long stability. 

Removal efficiencies of >95% were achieved under 30 min at 600 mA due to OH. 

radicals formed during the oxidation of water at sufficiently positive potentials. In the 

same work, faster decolourisation was observed when the RVC anodes were coated 

with at titanate nanotubes (TiNT)/PbO2 composites. TiNT were obtained through the 

hydrothermal synthesis method and their presence allowed a higher current density at 

positive potentials, possibly due to enhanced absorption of the organic compound. A 

total organic carbon removal of 45% was observed after 120 min using the 

TiNT/PbO2-coated electrodes in contrast to 24% observed with the RVC/PbO2 

coatings. The influence of the RVC porosity (20, 45, 60, 80, and 100 ppi) when 

preparing the PbO2 coatings to degrade methyl orange was also studied [92]. The 

authors found that the most effective electrode was 45 ppi RVC coated with a 

composite of PbO2 and TiNT, which fully covered the substrate. In contrast, thick 

deposits on >60 ppi RVC grew mostly at the external surface of the porous material, 

producing a planar-like electrode. Total decolourisation and gradual mineralisation 

were improved by the adsorption of methyl orange on TiNT. 

 

A recent paper has reported the oxidation of Reactive Black 5 via an electro-Fenton 

process in a divided flow cell employing RVC electrodes and comparing this method 

to direct oxidation on boron-doped diamond electrodes [78]. The concentration of Fe2+ 

has a direct relationship to the removal rate of the dye in Figure 16, reaching total 

colour removal in under 90 min.  H2O2 generated at the RVC electrodes reached 

concentrations over 0.4 × 10−3 mol dm−3 in the electrolyte when a potential of −0.4 V 

vs. Ag/AgCl was applied to the cell. The costly boron-doped diamond electrodes 
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showed more catalytic activity than the unmodified RVC towards dye oxidation. The 

simultaneous direct oxidation and electro-Fenton process resulted in significantly 

higher energy consumption. 

 

5.3 Clean electrosynthesis 

The electrosynthesis of both organic and inorganic compounds can be performed at 

RVC electrodes directly or with the aid or redox mediators. With the aim of improving 

the production of H2O2 at RVC electrodes, a three-phase system that employs 2-ethyl-

9,10-anthraquinone as redox catalyst has been developed by Gyenge and Oloman [93]. 

The process involved an organic phase (tributylphosphate), an aqueous phase 

(tetrabutylammonium perchlorate and sulfuric solution with cationic surfactants) and a 

gas phase to produce H2O2-containing emulsions. In a batch reactor, product 

concentrations up to 0.61 mol dm–3 were obtained at a maximum current efficiency of 

68%.  

 

Another route to the cathodic electrosynthesis of H2O2 at RVC electrodes utilises a 

hybrid electrochemical-ultrasonic flow reactor [94]. Using 10 ppi RVC and alkaline 

conditions (pH 10), it was found that the application of ultrasound increased the mass 

transport to the electrodes so that current efficiencies of nearly 60% were achieved for 

peroxide generation in contrast to only 20% observed in the purely electrochemical 

process. 

 

The field of organic photoelectrosynthesis has recently been profiled by Nguyen et al. 

[95]. Since the enhancement of many electrochemical reactions by light can be readily 
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achieved, the authors have given examples of RVC use in anodic oxidations to achieve 

cyclisation and functionalization. For instance, combined photovoltaic-electrode 

processes could find application in the recycling of oxidants such as Ce(IV) or gaseous 

hydrogen production. Examples include the solar-assisted oxidation of aromatic 

compounds, aromatic alcohols or dithioketals. 

 

Recent studies have described the electrochemical synthesis of CdSe semiconducting 

particles at activated RVC electrodes with the aim of scaling up the production of 

these materials [96]. Alkaline (pH 11) precursors were based on potassium chloride 

solutions containing CdSO4 and methacrylic acid. RVC electrodes are first coated with 

Se so that electrogenerated Se2− can react with Cd2+ ions in the electrolyte. The 

nanoparticles produced had sizes under 5 nm, but showed a high distribution of sizes. 

The stirred electrolyte conditions could be superseded by the use of RVC as a flow-

through electrode in a continuous flow cell.  

 

Electrochemical debromination by reduction of decabromodiphenyl ether to 

dimethylformamide and dimethyl sulfoxide can be considered as an example of the 

synthesis of organics at RVC electrodes [97]. Cyclic voltammetry related the presence 

of bromine atoms to each of the observed cathodic peaks. Different product species 

were found after the batch electrolysis when using dimethylformamide or dimethyl 

sulfoxide as solvents and the product distribution depended on the cell potential, more 

cathodic values increasing the number of removed bromine ions. A conversion 

efficiency of 25% was achieved. The authors claimed that complete debromination is 
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possible but more work is needed to optimize the conditions of the electrochemical 

process. 

 

6. Energy storage and conversion 

6.1 Static batteries 

As pointed out by Valvo et al. [98] 3-D, porous materials provide a highly promising 

substrate for Li-ion batteries. RVC has been demonstrated to increase charge capacity 

per unit area, energy and power density as well as being a versatile material for metal 

coating, electro-polymerisation and modification with nanoparticles for use as battery 

current collectors. Previously, a short review of RVC as a battery electrode was 

published [27], which considered the possibilities of using RVC to overcome the 

limitations of various types of batteries, such as zinc-carbon, NiOOH, lead acid as well 

as in Pd-based capacitors. The high surface area of RVC, in combination with catalyst 

modification, could lead to improvement of the energy density of common batteries. 

For instance, MnO2 films on RVC were studied at the University of Southampton as a 

mean to increase the surface area of substrate acting as current collector for lithium 

microbatteries [28]. A capacity per footprint area increase of 250 fold was claimed in 

comparison to flat substrates. The charge capacity of the battery was highly dependent 

on the thickness of the MnO2 deposits and this was the basis for establishing a 

limitation on the grounds of the solid-state diffusion of lithium. A practical outcome of 

such RVC substrates in batteries is the high discharge rate. Another example is the 

current collectors for lead acid batteries prepared by Czerwiński et al. [99], where 20 

ppi RVC was coated by a 20 to 40 µm thickness of lead by electrodeposition in 

methanesulfonic acid. The specific energy of the battery was increased by 50% mainly 
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due to the low weight of the RVC/lead collector while the thicker lead coatings 

showed the longest cycling life and the highest power performance. 

 

Conductive polymer composites prepared by anodic deposition onto RVC have been 

evaluated as cathodes in lithium batteries. The stability of polyaniline-based coatings 

over prolonged cycling becomes critical and it is highly dependent on the current 

density [61]. Other work has used cyclic voltammetry, electrochemical impedance 

spectroscopy and charge-discharge cycling to characterize several RVC/polypyrrole 

electrodes [100], which could also be doped with ions to add functionality to the 

substrate. The addition of ClO4
− and poly(styrenesulphonate) allowed the coatings to 

work as anion and cathion exchanger films, respectively. A bi-layer material 

RVC/PPy/poly(styrenesulfonate) was also prepared. Charge-discharge cycling 

experiments showed that RVC/PPy electrodes had a maximum specific charge 

capacity of 95 mA h g−1. 

 

6.2 Redox flow batteries 

Redox flow batteries (RFBs) have become one of the more promising options for grid-

scale energy storage [101]. The inert, large surface area electrically conductive support 

offered to electrocatalysts by RVC led to them being considered as a suitable carbon 

material in several studies [102], particularly in the case of the soluble lead RFB, but 

also for the zinc-bromine and vanadium systems. From a practical point of view, the 

most critical aspects in the application of RVC to this technology are the cycling 

stability of the material, flow blockage (in hybrid RFBs involving metal deposition) 
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and the electrical resistivity of the connection between the porous material and carbon 

polymer bipolar plates. 

 

The development of the undivided soluble lead flow battery in methanesulfonic acid 

has involved RVC and planar, carbon-HDPE composite electrodes during its several 

scale-up stages. Different RVC electrodes were considered as a means of increasing 

volumetric electrode area and mass transport in the flow cells [103]. A carbon-polymer 

composite plate with a fused RVC layer and a plate with a scraped RVC layer were 

studied. When compared, the first allowed obtaining higher cell potential of 2.10 V to 

be achieved with a higher current efficiency of 87%. Further optimization of the 

operational conditions demonstrated that the 3-dimensional RVC electrode allowed the 

limiting current density to be increased to 200 mA cm−2 at a flow rate of 10 cm s−1 

[104], the resulting lower current densities permitting uniform deposits and better 

adhesion to the carbon substrate. Ultimately, a FM01-1C cell stack using RVC (16.0 

cm × 4.0 cm × 0.1 cm) positive and negative electrodes showed charge and voltage 

efficiencies of 64% and 88%, respectively, with uniform distribution of the deposits 

when charging at 20 mA cm−2 [105]. Extended cycling revealed that the failure modes 

were related to the formation of Pb dendrites and PbO2 sludge. 

 

Banerjee et al. [106] have described an undivided soluble lead flow battery utilising a 

pair of dense graphite sheet current collectors (3.5 cm × 3.5 cm × 1 mm) covered with 

20, 30, or 45 ppi RVC. The interelectrode distance was 0.5 cm and electrolyte was 

circulated at a flow rate of 50 cm3 min−1. When employed as negative plate current 

collectors, RVC provided a high surface area for lead deposition and stripping during 
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charge and discharge. It was observed, however, that these porous materials trapped 

PbO2 particles at the positive electrode and hampered the discharge reaction. Issues 

with blockage and increasing pressure drop could be anticipated at scale-up in hybrid 

RFBs involving metal deposition.  

 

Previously, the suitability of RVC electrodes in the zinc-bromine RFB was 

investigated so as to increase the operational current density [107]. RVC grades 60 and 

100 ppi produced low pressure drops and acceptable electrical connections to the 

plates, but cellulose screens were needed between these materials and the zinc deposit 

to prevent short-circuiting. It was found that RVC grade 100 ppi could increase cell 

potential due to its large surface area, allowing current efficiencies of 83%, although 

the behaviour of the cell depended on the retention of the solid polydiallyldimethyl-

ammonium complex formed in that particular electrolyte. Using X-ray imaging of 

RVC electrodes, Iacovangeo and Will [81] showed that the distribution of Zn deposits 

in a zinc-bromine flow cell depends mostly on the current distribution at the electrodes. 

Most deposits accumulated at the outer surface the RVC, but this can be explained by 

the use of a flow-by configuration instead of the more advantageous flow-through 

configuration. The addition of fluorosurfactants and butyrolactone permitted deposits 

having more advantageous morphologies to be achieved. In modern zinc-bromine 

cells, bromine complexes are present as emulsions [108]. In spite of the possible 

increase in operational current density, RVC has not been applied to these devices in 

flow-through configuration. Promising advances could lie in the improvement of the 

interphase between RVC and carbon polymer composite plates, e.g., by controlled 

thermal bonding under compression.  
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The electrochemical characteristics of RVC towards the V(IV)/V(V) redox couple 

were studied using voltammetric techniques and rotating disc electrode experiments 

[109]. The results were compared to the use of carbon felt, which has since become a 

common electrode material for vanadium RFBs. Approaches to increase electrolyte 

flow are considered essential to maximize cell performance and modified electrode 

architectures are being considered [110]. Carbon felt coupled to an RVC flow field 

could effectively increase mass transport to the felt while reducing pressure drop 

trough the battery stack, provided a low resistance electrical connection is established 

between them. 

 

RVC was evaluated, along with other carbon and metal electrode materials, for the 

positive electrode of divided zinc-cerium hybrid RFB [111]. While RVC provided low 

pressure drop, carbon felt was preferred due to its superior active area per unit 

electrode volume, which extended the range of operational current density of the 

battery. In view of the corrosion susceptibility of carbon materials under highly 

oxidant Ce(IV) ions, platinised RVC electrodes protected from corrosion would be 

interesting materials for this application as would hybrid foam/fibre hybrid electrodes. 

 

Alternative RFB chemistries receive increasing attention and RVC could be 

advantageously implemented in some of these devices. For instance, Ruggeri et al. 

[112] have proposed a lithium-air RFB using semi-solid electrolytes. In this flow cell, 

the negative and positive electrolytes consist of an organic lithium salt and a 

superporous carbon suspension, respectively, in non-aqueous media. RVC 100 ppi 

grade coated with superporous carbon using polyvinylidene fluoride as binder is used 

as the positive electrode for the O2 reaction. The flow cell with a RVC electrode 

showed higher potential and lower impedance in comparison to a cell with a carbon 
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paper electrode. The authors noted that the open structure of RVC played a key role in 

permitting an energy efficient flow of the viscous semi-solid electrolyte. 

 

Although carbon felt is preferred in most RFBs, RVC electrodes should receive 

consideration. This robust substrate allows electrolyte flow with low hydraulic 

pressure drop and can be easily coated with diverse catalysts, in contrast to carbon felt. 

 

6.3 Fuel cells 

Alkaline PEM fuel cells have utilised RVC as an electrode support. For example, the 

material is one of the porous, 3-D catalysts supports considered for use in the 

electrodes of direct borohydride fuel cells [113]. The authors considered that gold 

particles sputtered onto the RVC surface provided a particularly effective catalyst for 

borohydride oxidation. Seven grades of RVC were evaluated, from 10 ppi to 100 ppi, 

high porosity grades giving increased cell current and kinetic rate constants. It was 

noted that the material thickness and uneven potential (and current) distribution had an 

adverse effect on charge transfer rates.  

 

Xie et al. have reviewed the field of bioelectrodes [114]. As pointed out by the 

authors, RVC electrodes have found application in microbial fuel cells due to their 

biocompatibility, high surface area, low cost and high conductivity. Furthermore, 

recent advances have incorporated advanced materials such as carbon nanotubes to 

form hierarchical “nanowebs” within the RVC structure [29,115]. Uniform biofilms 

could develop on this substrate, resulting in an increased activity towards acetate 

degradation in comparison to bare RVC, reaching current densities up to 6.8 mA cm−2 

even in the absence of electrolyte flow. 



 
 

 

 
41 

 

Electricity generation from artificial wastewater using an upward flow microbial fuel 

cell has also been considered [25]. Cylindrical anodes, made of grade 10 and 20 ppi 

RVC, had a volume of 190 dm3. Sucrose was the electron donor species at the anode, 

while hexacyanoferrate was the redox mediator at the cathode. The internal resistance 

of the cell (maximum of 84 Ω) was found to be a limiting factor, although an 

alternative filter-press configuration might reduce this resistance by increasing the 

RVC/current collector contact area and decreasing the thickness of the porous 

electrode material. The authors reported continuous operation of the cell over five 

months, reaching power densities up to 170 mW m−2 and an associated chemical 

oxygen demand (COD) of 2.0 g dm−3 day−1. A significant cause for the low efficiency 

of the system was undesired methanogenic activity. 

 

A batch RVC electrode-based microbial fuel cell for coupled energy generation and 

waste water treatment was also developed [116]. The cell used sodium acetate as the 

electron donor species. Both anode and cathode were separated 2.5 cm and consisted 

of 60 ppi grade RVC. The division included a proton ion exchange membrane. In 

order to operate at pH 7.0, phosphate buffers were employed as electrolytes, although 

the anolyte contained additional ammonia, magnesium and sodium salts. A volumetric 

power density of 40 W m−3 was claimed with maximum volumetric currents of 540 A 

m−3, the performance being limited by the rate of cathodic oxygen reduction. The 

microbial population was reported to have at least a 6-month lifetime, during which 

time, cell potential and current were monitored. 
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A microbial fuel cell enabling phosphate recovery as struvite from digested sewage 

sludge has been studied [117]. The reduction of FePO4 contained in the sludge took 

place at RVC 100 ppi grade cathodes, via the mediation of Methylene Blue and the 

activity of Escherichia coli. The resulting orthophosphate solution can then be 

combined with magnesium chloride and ammonium hydroxide to precipitate the 

fertilizer. The power density vs. current density and the polarization behaviour of the 

microbial fuel cell are shown in Figure 17c). The composition of the sludge was 

monitored with optical emission spectroscopy, while the recovered products were 

analysed by X-ray powder diffraction and NMR, showing the absence of heavy metal 

contaminants. 

 

A miniature fuel cell using Shewanella oneidensis in a sodium lactate substrate and 

RVC electrode has been described [118]. The cell developed a maximum power 

density of 24 mW m−2 using RVC electrodes without the addition of redox mediators. 

When anthraquinone-2,6-disulfonate was added to the medium, the output power was 

significantly increased, although this effect was more significant when using graphite 

felt electrodes. The authors noted that the current and power densities were higher at 

RVC than at graphite felt, resulting in lower current output at optimal solution flow 

rates. The measured values were 0.54 mA for RVC at 7 cm−3 min−1, in contrast to 3.7 

mA for at 4 cm−3 min−1 at graphite felt. 

 

6.4 Supercapacitors 

Manganese dioxide, deposited in various ways on RVC and other carbon supports, has 

been considered for competitive use in supercapacitors [119]. For instance, 0.2-0.5 
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cm3 blocks of 20 ppi RVC were used as a substrate for electrodeposition of thin layers 

of Pd and Pd-rich Pd-Rh alloys [120]. The hydrogen absorption behaviour of Pd-based 

deposits in 0.5 mol dm−3 H2SO4 was not affected by the underlying RVC. It was found 

that phase transitions control the rate of hydrogen absorption and desorption onto these 

electrodes. RVC coated with Pd and Au showed stability over 700 hydrogen 

absorption-desorption cycles that simulated the operation of a supercapacitor. Further 

study of the of specific capacitance, power, and energy was performed for 

temperatures between 283 and 313 K [121], revealing that Pd–Rh and Pd–Pt alloys 

with 90–95% Pd content showed the best performance. Specific capacitances up to 

4,500 F g−1 were achieved with an associated specific power of 750 W g−1. 

 

Advanced carbon-based electrochemical capacitors can also be constructed using RVC 

as substrate. For instance, hierarchical carbon nanotube-RVC assemblies have been 

recently proposed by Narayanan et al. [122]. Carbon nanotubes were obtained via 

chemical vapour deposition from a ferrocene/xylene precursor. When compared to the 

bare RVC, a fifty-fold enhancement of the electrochemical double layer capacitance 

was verified at the hierarchical material in a 1.0 mol dm−3 KCl solution. Furthermore, 

the Faradaic charge was increased ca. 1000-fold as measured by cycliv voltammetry in 

a 1.0×10−3 mol dm−3 KCl solution. The authors suggested that using concentrated 

ionic species in solution could significantly increase the capacitance of the material. 

Other methods for modifying the RVC skeleton by infilling with high surface area 

materials are considered in sections 8 and 10. 
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Polypyrrole-coated nylon lycra fabric for a possible electrode for wearable electronics 

capacitors has been electrochemically studied attached to RVC [123]. The textile 

material was coated with polypyrrole via chemical polymerization and showed a 

specific capacitance of 123.3 F g−1 at a scan rate of 10 mV s−1 in cyclic voltammetry in 

1 mol dm−3 NaCl solution. The material retained its electrochemical properties over a 

1000 stretching cycles. RVC itself could be coated with doped conductive polymers as 

a means of producing high surface area static supercapacitors.  

 

7. Electrode kinetics, sensing and monitoring 

7.1 Traditional electroanalysis 

Applications of RVC in electroanalysis were considered in Wang’s early review in 

1981 [5] and updated in a later review [6]. Early devices were simple amperometric 

flow detectors [16], followed by spectroelectrochemical detectors [124]. Electrode 

kinetics for electroanalysis have been considered in a book edited by Compton et al. 

[125]. In this section, several recent examples serve to illustrate modern trends in the 

use of RVC electrodes. 

 

7.2 Recent sensors  

Table 4 provides six examples of recent sensor studies using RVC electrodes. The 

species determined include hydrazine [126], neutravidin [127], acetaminophen, uric 

acid, dopamine [128], glucose [129] and phenolic compounds [130]. For example, 

Shedge and Creager [127] considered enhanced strategies to modify RVC substrates to 

reduce the non-specific binding of high-molecular-weight proteins that often decreases 

the selectivity of biosensors. RVC modification with phenylacetic acid or polyethylene 
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glycol showed reduced activity towards interferences. Neutravidin detection on the 

polyethylene glycol-modified electrode in Figure 18 resulted in a detection limit as low 

as 52 ng cm−3. 

 

It is worth mentioning that, under appropriate conditions, simple RVC biosensors can 

show a better performance for electroanalysis than more advanced materials, such as 

graphene foam [128]. Figueiredo-Filho et al. reported that the hydrophobic nature of 

graphene hampered the recording of cyclic voltamograms for dopamine hydrochloride, 

uric acid and acetaminophen. Only the treatment of the graphene foam with acetone 

could improve its response in respect to RVC, as shown by the cyclic voltammograms 

in 1 mmol dm−3 hexaammineruthenium(III) chloride shown in Figure 19 [128]. 

Nevertheless, the authors pointed out that RVC electrodes presented higher linear 

ranges and lower limit of detection for the analytes studied. 

 

Berrettoni et al. have concisely described an electrochemical sensor for indirect 

detection of a bacterial population [132]. The authors used a machined block of RVC 

embedded in epoxy resin as an ultra-microelectrode array to monitor the population of 

Staphylococcus aureus via normal pulse voltammetry. The method was claimed to 

quantify the bacterial concentration in filtered solutions by using the current response 

at chosen potentials. The technique appeared successful in detecting levels as low as 1 

or 2 cells cm−3 of S. aureus. 

 

8. Modified RVC electrodes  



 
 

 

 
46 

It has been noted that an RVC cylinder embedded in an insulating resin, followed by 

polishing of the circular end, provides a random microelectrode array of irregular 

vitreous carbon surfaces [133]. The mass transport rate of species to the electrode is 

under hemispherical diffusion and depends only on the electrode dimensions. For a 

disc embedded in an insulating plane, the limiting current becomes: 

 

 IL  =  4zFDca         (18) 

 

where a is the microelectrode radius. 

 

A series of papers has appeared on a laboratory rotating cylinder of RVC, typically 1.0 

cm diameter and 1.2 cm height (Ve = 0.94 cm3). In 1 mmol dm−3 Cu2+ in 0.5 mol dm−3 

Na2SO4 at 298 K [21], the limiting current was proportional to rotation speed raised to 

a power of 0.53−0.71, depending on the porosity grade. The product kmAe was ca. 0.51 

s−1 at 1500 rev min−1. Mass transport as a function of rotation speed was compared to 

other RCEs. Similar electrodes have been used for rapid laboratory trials of copper 

[134] and cadmium [135] ion removal from mmol dm−3 concentration solutions, using 

controlled potential coulometry. SEM images of the metal deposit morphology showed 

that the coverage of RVC was incomplete and that dendritic growth developed over 

time. Finally, the enhancement of mass transport by jet flow has been quantified in 1 

mmol dm−3 Cu2+ in 0.5 mol dm−3 Na2SO4 at 298 K [136]. For 60 ppi RVC RCE at low 

rotation rates, jet electrolyte flow at 3.5 cm3 s−1 increased the mass transport rate by a 

factor of 1.46. In the case of 100 ppi RVC, the maximum mass transport enhancement 

was about 1.26. 
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Using RVC as a preformed, inert scaffold for electrolyte flow, a wide range of 

nanostructured materials can be electrodeposited by electrodeposition, electrophoresis, 

anodising and their hybridisation, e.g., [137,138]. For example, a 35% wt. Sn bronze 

alloy has been electrodeposited at 20 mA cm−3 on 100 ppi RVC from an electrolyte 

containing 0.05 mol dm−3 Sn2+ and 0.1 mol dm−3 Cu2+ in the presence of 0.01 mol dm-

3 hydroquinone antioxidant and 0.01% vol. ForaFac 1098 perfluorinated cationic 

surfactant in 2.3 mol dm−3 methanesulfonic acid at 298 K [139]. 

 

In order to modify internal porosity and increase the substrate area for electrocatalysts, 

submicron diameter conductive fibres may be used. For example, a “nanoweb” may be 

formed on the RVC surface. Wallace et al. have used chemical vapour deposition to 

realise multiwalled carbon nanotube webs on 45 ppi RVC substrates with a view to 

producing high performance electrodes for microbial electrosynthesis of acetate ions 

[29,115]. As shown in Figure 20, the nanoweb can cover the RVC structure uniformly, 

providing additional surface area for chemical or biological functionalization. The 

authors claimed a 1.7 higher current density and a 2.6 fold faster production rate, 

normalized to total surface area. 

 

Earlier studies on “hairy” RVC electrodes for batteries have been conducted [140]. 

The authors described the modification of an RVC substrate with in situ generated 

carbon nanofibres via the catalytic decomposition of ethylene at 775 K. The fibre 

diameter and morphology as well as the fibre layer thickness depended on the loading 

of nickel hydroxide which is later reduced in an H2-containing athmosphere, as shown 
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by SEM and N2/Kr-physisorption. For instance, a nickel concentration of 0.5 g g−1
 of 

RVC produced fibres with a diameter of 30 to 90 nm. The coverage of RVC with the 

hairy foam resulted in a dramatic increase in the surface area, going from 0.12 m2 g−1 

for bare 100 ppi RVC to 146 m2 g−1 for the hairy variant. 

 

Carbon nanotube “carpets” are another example of hierarchical nanostructures built 

onto RVC [141]. An additional silica sol-gel coating or an oxygen-plasma treatment 

was performed to increase the wettability of the typically hydrophobic nanotube layer. 

Contact angle measurements showed that the amorphous silica coating resulted in 

long-lasting hydrophilic behaviour. This was confirmed by measuring the hydraulic 

pressure drop during fluid-flow experiments. The hydrophilic RVC-nanotube material 

had a reduced resistance to flow in comparison to the untreated substrate. 

 

There are many examples of RVC forming a useful scaffold for biochemical and 

microbial species. For example, the early detection of Candida albicans biofilms has 

been considered [131]. The change in the redox potential and peak current of 

K3Fe(CN)6 measured by cyclic voltammetry and differential pulse voltammetry at an 

RVC electrode was related to the development of a bacterial biofilm. The diffusion 

coefficient of the active species at uncoated RVC was 2.2 × 10−3 cm2 s−1 in contrast to 

7.0 × 10−3 cm2 s−1 at the biofilm-coated electrode. It was claimed that this method had 

a superior resolution to a typical drop plate method while giving detection results 

under 2 h. 
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RVC can be made by impregnation of existing RVC or a polymeric foam precursor, 

such as polyurethane, followed by heating and vitrification. RVC made via these two 

routes, impregnation and replication, using an epoxy resin, has been compared in a 

flow permeability study [142]. Vitreous carbon foams produced from the polyurethane 

foam template showed higher hydraulic permeability, at the cost of lower mechanical 

strength. Maximum volumetric porosities of 0.94 and 0.89 could be obtained by 

replication and infiltration methods, respectively. 

 

9. Summary 

1. RVC is a rigid, solid foam comprised of open-cells, i.e., pores which are spatially 

connected within skeletal, strut boundaries to form a network. RVC is a useful 

electrode material, particularly when high current densities, a low resistance to fluid 

flow, a high volumetric porosity and the ability to hold infused materials within 

controlled pore sizes are required. 

2. This porous material has been manufactured since the mid-1960s, the most common 

route being carbonisation of a resin coated, open-cell polyurethane foam. Typically, 

the precursor is dried and cured at 120 ºC then carbonised at 700–1100 ºC. 

3. The material allows a one-piece, continuous structure, in contrast to particulate beds 

which rely upon compression/gravity for adequate electrical conductivity; the 

electrodes have a high isotropy. The very high porosity, allows passage of gases and 

liquids with a low pressure drop. Dilute slurry electrolytes can be accommodated using 

large pore grades. 
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4. The high volumetric porosity of ca. 97% limits the electrical conductivity compared 

to solid carbon and conductive metal structures. 

5. Early uses in electrochemistry were primarily in electroanalysis, controlled flow 

electrode kinetics and sensors. Other common uses have included filter materials. The 

diversity of RVC use has included a scaffold for biomaterials and a template for metal 

or conductive polymer foams. 

6. Despite the increasing diversity of available porous, 3-D electrodes in metals and 

carbons, RVC has remained an important specialised electrode in laboratory and pilot-

scale studies of electroanalysis; its uses have diversified, e.g., to static and some flow 

through batteries. 

7. The structure and physical properties of RVC can be modified by densification 

during, or after, manufacture and by coating after fabrication. 

8. The diversity of RVC can continue to evolve using techniques such as 3-D printing 

to control texture and nanowebs to modify porosity together with the ability to support 

electrocatalyst particles in 3-dimensional, open pore networks. 

9. The versatility of the material is further extended by bendable slices for flexible 

batteries and “hairy” fibre-coated RVC for sensors. 

 

10. Important areas for further research 

Several aspects of RVC electrodes deserve further study to improve our understanding 

of its structure and electrochemical behaviour, leading to extended applications in 

electrochemical technology: 
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1. The application of X-ray computed tomography (XRCT) to the structure of RVC 

[143]. Paired with the digital rendering of the porous matrix, the resulting 3-D finite 

element meshes could be used for automatic quantitative structural analysis and the 

simulation of mechanical, thermal and fluid-flow properties. 

2. 3-D printing to produce versatile, digitally-tailored fast and hybrid carbon foam 

prototypes, e.g., [144-146] and similar to development in metals [33]. 

3. Tailoring of physical properties, e.g., auxetic foams [147], including 3-D printed 

varieties [148]. 

4. Mixed electrode materials, e.g., metal-carbon, such as high surface area 

nanostructured nickel [149] on RVC. 

5. Advanced surface catalyst impregnation, e.g., flexible textiles such as elasticated 

[150] yarn electrodes [151] or exfoliated graphene products [152]. 

6. Advanced surface coatings, including conductive polymers, e.g., [153] and 

electrodeposited particle-metal matrix composites [154], including nanoparticles 

[155]. 

7. When sufficiently thin, e.g., <1 mm, RVC electrodes become much more flexible 

and elastic carbon foams are possible, e.g., [156]. 

8. RVC could also prove to be a versatile template for the production of metal foams, 

as polymer foams have [157]. 
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9. Diverse hybrid electrodes may be realised by modifying RVC with interpenetrating 

fibrous or nanotubular structures (e.g., metals, carbons or composites) as supports or 

as surface coatings. Examples include carbon meringue foams from a French group 

[158] or carbonised candy floss, pore-filling RVC hybrid electrodes [159]. 

10. Polymer electrodes based on ethylene oxide linked materials of mean molar mass 

100,000 [160] could be applied in-situ to an RVC electrode surface for use in solid 

state lithium batteries. 
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Porosity 

grade  

/ ppi 

Pore 

diameter, 

dp 

/ cm 

Strut 

thickness, 

ds 

/ cm 

Ergun 

pore 

diameter,  

de 

/cm 

Dispersion 

ratio,  

σ   = dp/ds 

Volumetric 

area,  

Ae  =  A/Ve 

/ cm-1 

10 0.18 0.039 0.29 0.22 13.5 

30 0.10 0.020 0.16 0.20 24.6 

60 0.040 0.0380 0.10 0.20 38.0 

100 0.025 0.0056 0.057 0.22 67.5 

 

Table 1. Characteristic geometrical measurements on several porosity grades of RVC. 

Basis: analysis of multiple SEM images [36]. 
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Electrode 

type 

Electrode 

material 

Volumetric 

porosity, ε  

Volumetric 

electrode 

area, Ae / 

cm-1 

Ref. 

Packed bed Carbon granules 

(0.1-0.0001 cm) 

0.3 25 [48] 

Stacked 

meshes 

100 mesh Cu 

screen 

150 mesh Cu 

screen 

200 mesh Cu 

screen 

0.61 

0.69 

0.67 

143 

188 

245 

[49] 

 One-piece 
foam 

10 ppi Cu 

20 ppi Cu 

0.975 

0.968 

6.9 

9.0 

[50] 

One-piece 
foam 

45 ppi Ni 

60 ppi Ni 

100 ppi Ni 

0.973 

0.968 

0.975 

37.5 

57.5 

92.5 

[45] 

One-piece 

foam 

10 ppi C 

30 ppi C 

45 ppi C 

60 ppi C 

 0.97 

0.97 

0.97 

0.97 

8.5 

18.0 

38.0 

66.0 

[3] 

 

Table 2. Volumetric porosity and volumetric electrode area of RVC and other porous, 

3-dimensional electrode materials [35]. 
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Contaminan

t 

Electrolyte Initial  

Concentration 

Final  

Concentration 

Cell 

 

Ref. 

Cu 0.5 Na2SO4,  

pH 2 

63 mg dm-3 

10 mg dm-3 

2 mg dm-3 

<1 mg dm-3 

<0.4 mg dm-3 

<0.1 mg dm-3 

Divided, 

rectangular channel 

flow cell 

[19,69,

70] 

Ag (NH4)2S2O3  108 mg dm-3 <2 mg dm-3 Divided, 

rectangular channel 

flow cell 

[35] 

Cu, Cd, Zn 0.1 M NaCl,  

pH 7 

5 mM  Cu. Cd 

 <<1 mg dm-3 

Divided, 

rectangular channel 

flow cell 

[35] 

Pb 0.5 M NaNO3 

0.5 M NaClO4 

0.5 M NaBF4 

0.5 M Na2SO4 

each at pH 2 

10 mg dm-3 <1 mg dm-3 Divided, 

rectangular channel 

flow cell 

[74] 

Cu 1 M Na2SO4,  

pH 2 

63 mg dm-3 <1 mg dm-3 8 cathode divided, 

single pass flow cell 

[71] 

Amaranth red 

dye 

0.1 M Na2SO4 

0.002 M FeSO4 

80 mg dm-3 <1 mg dm-3 Undivided, 

rectangular channel 

flow cell 

[77] 

Blue basic 9 0.05 M Na2SO4, 

 0.001 M FeSO4, 
0.01 M H2SO4 
5.3 mM H2O2 

26 mg dm-3 <3 mg dm-3 Divided, 

rectangular channel 

flow cell 

[75] 

Reactive 

black 5 

0.05 M Na2SO4, 

 0.001 M FeSO4, 

0.01 M H2SO4 

5.3 mM H2O2 

63 mg dm-3 <6 mg dm-3 Divided, 

rectangular channel 

flow cell 

[75] 

Acid orange 

7 

0.05 M Na2SO4, 

 0.001 M FeSO4, 

0.01 M H2SO4 

5.3 mM H2O2 

49 mg dm-3 <5 mg dm-3 Divided, 

rectangular channel 

flow cell 

[75] 

 

Table 3. Environmental and recycling applications of RVC. 
Most studies used a 100 ppi RVC electrode at ca. 298 K. 
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Species 

 

Concentration Sensor  

geometry 

Technique Ref. 

Hydrazine 0.05 – 5.0 mol 

dm−3 

Flow-through Amperomerty at Ni(1-x)Lax 

catalyst coating. 

[126] 

Neutravidin 0 – 20 g dm−3 Flow-through Amperomerty at neutravidin–

biotin complex coating. 

[127] 

Acetaminophen, 

uric acid, 

dopamine 

2.5×10−6 – 

1.5×10−4 mol 

dm−3 

Static Amperometry by cyclic 

voltammetry at bare RVC. 

[128] 

Glucose  5.0×10−5 – 

4.0×10−2 mol 

dm−3 

Flow-through Electrolysis of interferents at 

RVC followed by 

amperometry at glucose 

oxidase/ferrocenyl-1-

undecanethiol thin film. 

[129] 

C. albicans 138–6025 CFU* Static 

electrode with 

electrolyte 

agitation 

Amperometry of reduction of 

potassium ferricyanide by 

biofilm. 

[131] 

Phenolic 

compounds 

 

5.0×10−6 – 

10.0×10−5 mol 

dm−3 

Flow-through Amperometry at tyrosinase on 

RVC surface, inmobilized by a 

carbodiimide/ glutaraldehyde. 

[130] 

 

* CFU: colony-forming units. 

Table 4. Examples of recent sensors using RVC electrodes. 



 
 

 

 
71 

Figure captions 

Figure 1. A time-line for the implementation of reticulated vitreous carbon 

electrodes, indicating important developments in their structure, 

characteristics and applications. The Kelvin conjecture for efficient 

pore filling of space (1887) [11]; Glassy carbon manufacture (1963) 

[12]; RVC manufacture patent (1969) [13]; Flow-through electrodes 

and flow electrolysis (1979) [14]; Rotating flow-through RVC 

electrode (1980) [15]; Wang review of RVC electrodes in early 

electroanalysis (1981) [5]; Flow cell electrochemical detector (1984) 

[16]; Deposition of heavy metals (1984) [17]; Platinized RVC for 

biosensors (1990) [18]; Metal ion removal from process streams (1991) 

[19]; Weaire–Phelan computer simulation of pore structure (1994) [20]; 

Mass transport at RVC rotating cylinder electrodes (1995) [21]; 

Removal of formaldehyde in electrochemical flow reactors (1995) [22]; 

Enzyme-modified RVC for bioelectrosynthesis (1997) [23]; 

Application as current collectors in Pb-acid batteries (2003) [24]; 

Friedrich et al. review of RVC in applied electrochemistry (2004) [6]; 

Application of RVC as a microbial fuel cell electrode (2005) [25]; 

Application of RVC to anodic Fenton oxidation (2006) [26]; Review of 

RVC electrodes in batteries (2009) [27]; Application of RVC to 3D-

microbatteries (2011) [28]; RVC hybrid electrode with nanotubular 

webs (2014) [29]. 

 

Figure 2. The interrelationships of structure, properties and applications for RVC 

electrodes. 

 

Figure 3. SEM micrographs of: (a) 10, (b) 30, (c) 60, (d) 80 and e) 100 ppi 

(nominal pores per linear inch) porosity grades of RVC [34]. 

 
Figure 4. SEM micrographs of skeletal struts in: (a) 10, (b) 30 and (c) 100 ppi 

porosity grades of RVC [34]. 
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Figure 5. SEM micrographs of 100 ppi RVC sample at various magnifications. 

The white lines indicate measurements that were taken to characterise 

the material. a) The white circle marks the region used to calculate the 

area of the trigonal strut. b) The white distance bars indicate the 

measurements taken to obtain the length and thickness of a strut. c) Cell 

length and width along the three white lines were measured to obtain 

information on cell size distribution and anisotropy [34]. 

 

Figure 6. An SEM micrograph of two neighbouring pores (fused ‘alveoli’) in 10 

ppi porosity grade RVC, which are interconnected and share a common 

boundary [36]. 

 

Figure 7. Pore size distribution in 10 ppi and 30 ppi porosity grades of RVC from 

analysis of multiple SEM images. Data taken from Reade [36]. 

 

Figure 8.  RVC area dimensions as a function of porosity grade: a) pore size and 

b) trigonal strut area. Data taken from Friedrich [34]. 

 

Figure 9. Relationships between volumetric electrode area or strut length and 

geometrical characteristics of RVC. a) volumetric electrode area, Ae and 

porosity grade, b) volumetric electrode area, Ae and pore window size, 

c) volumetric electrode area, Ae and strut length, ls and d) variation of 

strut length, ls with porosity grade. Data taken from Friedrich [34]. 

 

Figure 10. Determination of the product kmAe for RVC using three methods: a) 

convective-diffusion limiting current measurements at 10 and 100 ppi 

grades of RVC as a function of cupric ion concentration in 0.5 mol 

dm−3 Na2SO4 at pH 2 and 297 K at a mean linear flow velocity of 1.5 

cm s−1. Linear sweep voltammetry at 10 mV s−1, b) Plot of kmAe vs. v 

for 10, 30, 60 and 100 ppi porosity grades of RVC for a divided, flow 

by reactor in the batch recirculation mode removing Cu2+ from 2500 

cm3 0.5 mol dm−3 Na2SO4 at pH 2; c) pressure drop data and the Ergun 
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equation for 10, 30, 60 and 100 ppi porosity grades of RVC via a plot 

of Δpv/L vs. v. Data taken from [35]. 

 

Figure 11. Plot of fractional reactant conversion vs. mean linear flow velocity for 

cupric ion removal onto 10, 30, 60 and 100 ppi grades of RVC cathode 

in a divided flow by reactor processing 0.5 mol dm-3 Na2SO4 at pH 2 

and 297 K. Extrapolation to complete conversion allows the critical 

velocity to be estimated from the intercept on the vertical axis [35]. 

 

Figure 12. Strategies for modification of the structure or surface of RVC 

electrodes. 

 

Figure 13. A segmented cathode Hull cell for metal electrodeposition studies. a) 

general arrangement and electrical circuit (DVM: digital voltmeter), b) 

front view of segmented cathode arrangement located in oblique side of 

cell, c) scanning electron micrograph of 80 ppi RVC [51]. 

 

Figure 14. Scanning electron micrographs showing copper deposition on an RVC 

electrode using 0.050 mol dm−3 Cu2+ in 0.5 mol dm−3 Na2SO4 at pH 2 

solution at various segmented electrodes and various applied currents 

after a 30 min electrolysis in the cell shown in Figure 13. a) position 10 

(furthest from the anode) showing no significant copper deposit at 1 

mA cm−2, b) nucleation of copper on position 9 at 10 mA cm−2, c) 

smooth deposition of copper on position 7 at 20 mA cm−2, d) bulk 

deposition with localized nodules of copper on position 3 at 70 mA 

cm−2, e) nodular copper formation (‘cauliflower’ structures) on the 

electrode at position 2 at 80 mA cm−2 and f) copper dendrite formation 

at position 1 (nearest the anode). Adapted and reproduced with 

permission from Tangirala et al. [51]. 

 

Figure 15. An example of electrosynthesis at RVC electrodes: SEMs for a) bare 

RVC and RVC/Pt, b) before and c) the surface after ozone production 
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for 2 hours at a flooded RVC anode at 25 °C. Pt was deposited from 

stationary 0.1 mol dm-3 H2SO4 solution containing 5 mmol dm-3 

platinate at 0.0 V vs. Ag/AgCl for 1 hour. Adapted and reproduced with 

permission from Awad et al. [54]. 

 

Figure 16. Electrochemical removal of Reactive Black dye on a 60 ppi anode. 

Normalized concentration decay of RB-5 against time at −0.4 V vs. 

Ag/AgCl in the presence of various Fe2+ concentrations: (■) 0.0, (●) 

0.01, (▲) 0.05 and ♦) 0.10 mmol dm−3. Adapted and reproduced with 

permission from Vasconcelos et al. [78].	

 

Figure 17. Power density vs. current density and polarization behaviour of a 

microbial fuel cell using an RVC anode. Adapted and reproduced with 

permission from Fischer et al. [117]. 

 

Figure 18. Neutravidin bioassay at an RVC electrode surface modified with 

phenylacetic acid and PEG. Adapted and reproduced with permission 

from Hedge and Creager [127]. 

 

Figure 19. An example of an electrochemical sensor using an RVC electrode: 

Typical cyclic voltammograms profiles for 1 mmol dm−3 

hexaammineruthenium(III) chloride in 0.1 mol dm-3 KCl at potential 

sweep rates of 5–500 mV s−1 at a) the freestanding 3D-RVC and b) the 

pretreated 3D-GF electrode. Adapted and reproduced with permission 

from Figueiredo-Filho et al. [128]. 

 

Figure 20. SEM images of a carbon nanotube “nanoweb” deposited on RVC; a) 

bare RVC; b), c) and d) “nanoweb” at different magnifications. Adapted 

and reproduced with permission from Flexer et al. [115]. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8a). 
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Figure 9a). 
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Figure 9c). 
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Figure 10a). 
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Figure 10b). 
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Figure 10c). 
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Figure 15. 

  



 
 

 

 
93 

 

 
Figure 16. 
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Figure 17. 
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Figure 18. 
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Figure 19. 
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Figure 20. 

 


