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Abstract 

The diversity of cell geometries and their use for electrochemical processing and energy conversion are 

concisely reviewed, updating earlier treatments, with an emphasis on an engineering approach to 

electrode design. Electrode size varies from several cm2 in the laboratory to a total of hundreds of m2 

at industrial plant scale and currents can range from several nA at laboratory through many 100 kA in 

industry. Electrode materials include metals, conductive ceramics and polymers as well as polymer-

metal or ceramic-metal composites. Area, electrocatalytic activity and functionality can be tailored by 

selecting an appropriate support structure-coating combination. The core structure of porous supports 

can be a foam, mesh or particulate bed while the surface can be enhanced by many techniques. 

Inspiration for electrode design can come from many sources, including biomimetics and technology 

transfer. Important aspects of electrodes include manufacture, electrochemical activity, active area, the 

possibilities of 3D and nanostructured surfaces, decoration and functionalisation, in addition to 

reasonable cost and adequate lifetime. The diversity of electrodes is illustrated by examples from the 

author’s laboratory in the fields of inorganic and organic synthesis, environmental remediation of 

wastewaters, surface finishing of materials and energy storage/conversion. A forward look is made to 

potential future developments in electrochemical technology. 
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Highlights 

• The importance of electrodes in electrochemical technology is emphasised. 
• The diversity of electrode scale is stressed. 
• Methods for fabrication and surface modification are reviewed. 
• Hybrid 3D porous electrodes and nanostructured surfaces are highlighted. 
• Current and potential applications are illustrated by examples. 
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Nomenclature 

 

A  Geometrical electrode area     cm2 

AXS  Cross-sectional area of electrical conductor   cm2 

c  Concentration of electroactive species   mol cm-3 

C  Capacitance       F 

Cs  Specific capacitance      F g-1 

E  Electrode potential      V 

ECELL  Cell voltage       V 

𝐸",$%&&   Equilibrium cell voltage     V 

F  Faraday constant      C mol-1 

G  Electrical conductance     S = ohm-1 

∆𝐺$%&&   Gibbs free energy change (for a cell reaction)  J mol-1 

I  Current       A 

IL  Limiting current density (due to mass transport control) A cm-2 

j  Current density (j = I/A)     A cm-2 

jo  Exchange current density     A cm-2 

km  Mass transfer coefficient     cm s-1 

l  Length of conductor      cm 

n  Amount of material      mol 

R  Molar gas constant      J K-1 mol-1 

Re  Electrical resistance      ohm 

t  Time        s 

T  Temperature       K 

v  Mean electrolyte velocity     cm s-1 

V  Volume       cm3 

w  Mass of active material     g 

z  Electron stoichiometry     Dimensionless 
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Greek 

a  Charge transfer coefficient     Dimensionless 

h  Overpotential       V 

n  Kinematic viscosity of the electrolyte   cm2 s-1 

re  Electrical resistivity      ohm-1 cm-1 

q   Current efficiency      Dimensionless 

 

Subscripts 

A  Anode 

act  Activation control 

C  Cathode 

CELL  Cell 

conc  Mass transport control 

e  Equilibrium 

 

Abbreviations 

ABS acrylonitrile butadiene styrene 

BDD boron doped diamond 

CNC computer numerical control 

PPyr polypyrrole 

RVC reticulated vitreous carbon 

SEM scanning electron microscope 

TEM transmission electron microscope 

UV ultraviolet 
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Introduction 

Electrochemical cells have a classical history1 which predates studies by Faraday, Volta and 

others in the early 1800s. Such cells have seen developments which continue into the future. It 

is not always appreciated, however, that electrochemical cells are used on a wide scale from 

microimplants in living systems through to industrial production of commodity chemicals on 

a tonnage scale.2 Recent advances in materials, coating technology, electrode manufacture, 

computational simulation of electrochemical systems and an increasing demand for sustainable 

electrochemical processes, justify an update of this field. 

 

Some general comments based on the experience of the authors are important: 

1) Considering an anodic (or a cathodic) reaction or electrode alone is equivalent to ‘the sound 

of one hand clapping’, since cells are integrated devices necessitating use of both electrodes in 

contact with an electrolyte and an external circuit (Figure 1). Commonly, the electronically 

conducting electrodes are metallic or carbon although ceramic, polymeric and composite 

electrodes are increasingly important. The electrochemical cell is comprised of an anode and a 

cathode in contact with an electrolyte. The electrolyte is an ionic conductor and may be a) an 

aqueous solution or gel, b) a non-aqueous (‘ionic liquid’) solution, c) a molten salt or d) a solid 

state (polymeric or ceramic) ionic conductor. The cell may be undivided, with one electrolyte 

common to both electrodes, or divided by an ionically conductive material, typically a 

microporous polymer or ceramic or else an ion-exchange polymer. 

2) The anode is the electrode at which oxidation of a reactant occurs at the interface between 

electrode and electrolyte via electron loss; at the cathode, electron gain leads to reduction. The 

net cell reaction is a corresponding redox process. The desired (or primary) electrode reactions 
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often have competition from secondary ones, resulting in a real charge capability below the 

ideal one. 

3) As a whole, the cell has several notable features: 

a) It is electrically neutral. 

b) Electrical current flows bidirectionally, as cations and anions, in the electrolyte. 

c) Electrical current flows unidirectionally, as electrons, e-, in the external circuit. 

d) The reactions take place locally at the electrode/electrolyte interfaces, resulting in a 

potential difference, ECELL, in the outer circuit between the electrodes. 

4) From the viewpoint of energy conversion, there are two distinctly different types of cell 

(Figure 2). Galvanic cells release energy spontaneously, while electrolytic cells require an 

energy supply in order to drive non-spontaneous reactions. 

5) Electrode potential, E, is ‘the double-edged sword of electrochemistry’. An appropriate 

value can provide good control of reaction rate and efficiency; unsuitable or poorly distributed 

potential can result in poor efficiency or selectivity, due to side reactions, a lower reaction rate 

or unsuitable product purity or morphology in the case of solid films. 

6) The rate determining step is the slowest one and often readily measured in the laboratory 

but is only part of a sequence in the overall reaction.  

7) In some cells, e.g., secondary batteries, an electrode is anodic for part of a cycle, such as 

during charge, then cathodic for another period when the direction of current flow reverses, 

e.g., during discharge. However, the polarity (+ or –) of the electrode is invariant. 

8) Microstructured and nanostructured electrode surfaces do not always behave as higher 

surface area versions of flat electrode surfaces. 

9) In the case of bipolar electrodes, one side of the structure is anodic while the other is 

cathodic. 
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10) The electrode reactions can involve a wide range of reactant and product species and 

phases, including ions, radicals, uncharged solvent molecules, solids, liquids, gases and 

colloidal dispersions. 

11) Electrode reactions carried out in practical settings often involve concentrated, 

multicomponent electrolytes and irreversible redox couples. In contrast, much of the 

electrochemical theory found in textbooks has been developed for highly diluted, fully 

reversible redox couples.3 

 
The themes of this work, which looks towards technological applications, include: 

1) The diverse nature of electrodes, as shown by their form, material, area, scale and use. 

2) Inspiration for the design of new electrodes and their surfaces comes from many sources. 

3) Suitable technology transfer from other fields can be productive. 

4) Engineering and science are an indivisible continuum needing and integrated treatment. 

 

In this review, the properties, structure and surface decoration of electrodes are considered 

followed by illustration of diverse electrodes for applications including energy conversion and 

storage, electrosynthesis, mass transport studies, destruction of contaminants, recovery of 

metals, environmental treatment and drug delivery, using examples from the authors’ 

laboratory. 

 

Electrochemical cell design for technology 

Cell thermodynamics 
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In order to achieve an economical and efficient operation, the maximum available energy of an 

electrochemical cell must be considered. At equilibrium, the Gibbs free energy, DGCELL, for the 

overall cell reaction is associated to the electron stoichiometry, z, and the Faraday constant, F: 

 

∆𝐺$%&& = −𝑧𝐹𝐸𝑒,𝐶𝐸𝐿𝐿        (1) 

 

Note that this energy is directly related to the thermodynamic cell potential,	Ee,CELL. For 

galvanic cells, the electrochemical cell reaction has a negative DGCELL and electrical energy is 

generated spontaneously, as in discharging batteries and fuel cells (Figure 2). In contrast, 

electrolytic cells, having a positive DGCELL, require input of electrical energy to drive the 

electrochemical reaction, as in secondary batteries during charging, electrosynthesis and 

electrodeposition. Energy efficiency has a different meaning in each case. In electrolytic cells, 

the cell potential should be minimized, while in galvanic cells it should be maximized as far as 

possible. 

  

According to the Gibbs-Stockholm IUPAC convention,4 the cell voltage is expressed as the 

difference between the potentials of the right and left hand side electrodes in a cell diagram; at 

open-circuit under equilibrium conditions: 

 

 𝐸",$%&& = 𝐸",1 − 𝐸",&	        (2) 

 

If the cathode is placed on the right hand side, 
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 𝐸",$%&& = 𝐸",$ − 𝐸",2        (3) 

 

In practice, when a current, I, flows through the cell, its potential can be expressed as: 

 

𝐸$%&& = 𝐸",$%&& 	− 3h	4,5463 − 3h	5,5463 −	 3h	4,47843 − 3h	5,47843 − ∑|𝐼𝑅|	  (4) 

 

Each of the terms in the equation represent the contribution of different cell components. Here, 

hc,act and ha,act are the anodic and cathodic activation polarization demanded by the electrode 

reactions. Meanwhile, hc,conc and ha,conc are the concentration polarization terms for each 

reaction, which become relevant at higher current densities away from equilibrium. Large 

values in the activation polarization can be decreased by implementing active catalysts or 

higher process temperatures. Similarly, higher mass transport can be achieved by enhancing 

electrolyte flow/stirring at the electrode or by employing concentrated electrolytes. 

 

The ohmic losses in the cell are given by the term IR, which covers the ionic (electrolytes, ion 

exchange membranes) and electronic (electrodes, current collectors, contacts) resistances of 

the cell components1. These losses waste energy in the form of heat and therefore should be 

minimised. Highly conductive electrodes and busbars, adequately thin, conductive membranes, 

and low resistance at the electrode/current collector interphases are practical necessities both 

in industry and in the laboratory. Due to their simplicity, such considerations are often 

overlooked. Resistance at direct electrical contacts can be minimized by employing clean, 

polished surfaces and an adequate level of mechanical force between them. At large scale, 

specialized soldering and welding are more common. 
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The rate of an electrode process 

Perhaps the most inevitable principles in electrochemistry are Faraday’s laws of electrolysis. 

They will describe the global rate of an electrode reaction by relating the electrical charge, q, 

flowing through a cell to the amount of material transformed, Dn, for a reaction involving the 

transfer of z electrons: 

 

 𝑞 = ∆𝑛𝑧𝐹         (5) 

 

The Faraday constant, F is the charge per mole of electrons. In the previous expression, the 

electrical charge, q is the result of integrating a current over a time interval: 

 

 𝑞 = 	∫ 𝐼𝑑𝑡6B
6C          (6) 

 

As a result, if the electrode is operating at a constant current for a time, t, and the concept of 

current efficiency, q, is introduced, equation (6) becomes: 

 

 𝜃𝐼 = 	 ∆8EF
6

         (7) 

 

q is the fraction of current involved in the desired reaction and would be unity in an ideal case. 

In practice, it is often <1 due to the occurrence of secondary reactions at the electrode surface.  
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Up to here, the total cell current has been considered. However, the processes at the electrode 

surface are sensitive, instead, to the current density, j, which is the ratio between the total 

current and the surface area of the electrode, A. The significance of knowing A for an electrode 

reaction cannot be stressed enough. The overall rate of chemical transformation of matter can 

be stated as: 

 

 ∆8
6
= 	 GH2

EF
         (8) 

 

The overall rate of reaction in a cell will often be limited by the rate of one of the electrode 

reactions and it is important to realise which electrode becomes rate limiting first with 

increasing overpotential. 

 

Current density and reaction control 

 
In fact, depending on the current density value, three main forms of rate control may be 

achieved.5 At low current densities, electron transfer prevails. In these conditions the current 

is extremely responsive to the potential; for an anodic process: 

 

𝐼 = 𝑧𝐹𝐴𝑘𝑐 exp OPEFh
1Q

R       (9)	

	

where k is the rate constant, c is the reactant concentration, a is the electron transfer coefficient, 

h is the overpotential, R is the gas constant, and T is the temperature. As the current density 

increases, mass transport starts to play a role in the reaction rate, resulting in a combination of 

charge transfer and mass transport control, i.e., mixed control regime. In reality, many large 
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cells operate under such conditions. This is particularly true in the case of porous electrodes, 

which usually display non-uniform current distributions at the electrode surface. 

 

 If the overpotential continues to increase, then full mass transport control is achieved, i.e., the 

rate at which the redox species reaches or leaves the proximity of the electrode is the slowest 

step in the reaction. Under these conditions, a limiting current, IL, is developed due to the 

restricted rate of convective-diffusion: 

 

𝐼& = 𝑧𝐹𝑐𝐴𝑘S         (10) 

 

where km is the mass transport coefficient. At this point, the current becomes unaffected by 

increasing the potential until decomposition of the solvent takes place. High mass transport 

conditions are desirable and can be achieved by increasing electrolyte flow rate in flow cells 

or electrode angular velocity in disc or cylinder electrodes and by promoting turbulence and 

mixing by physical means such as non-conductive meshes or rough surfaces.  

 

Electrode capacitance 

In addition to those resulting from Faradaic electron transfer, electrical charges accumulate at 

the interface between the electrolyte and the electrode due to the presence of the 

electrochemical double layer and a capacitance, C: 

 

 𝐶 =	 T
∆%

          (11)  
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where DE is the potential change. C is highly relevant when studying the electrosorption of 

species at the electrode, for instance, the well-known hydrogen underpotential deposition at 

platinum. Capacitance is directly proportional to the electrode surface area: 

 

 𝐶 =	 2	 ∫ H.V6
∆%

         (12) 

 

If the capacitance is too large, it can complicate the measurement of Faradaic currents. This is 

observed when performing cyclic voltammetry at elevated currents or when employing large 

electrodes. In some cases, capacitance can be used to estimate the surface area of an electrode.  

 

Capacitance can be harnessed in several technologies, including water purification and energy 

storage.6-9 Supercapacitors can supply large electrical charges in short time intervals, which 

has made them attractive for balancing the power grid. An important figure of merit for such 

devices is the specific capacitance, Cs, which is the capacitance per unit mass of active material 

w: 

 

 𝐶W = 	
∁
Y

         (13) 

 

Electrochemical engineering aspects of electrodes and cells 
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Electrochemistry can extend much beyond the scale of common studies at the laboratory. The 

scope of electrochemistry covers anywhere from electrocatalyst studies at atomic or molecular 

sized species (involving several nA) to full scale commercial cell rooms with stacks operating 

at 10 kA-1000 kA. This is illustrated by Figure 3. Electrode size can be also extremely diverse. 

Laboratory electrodes might be <1 mm2
 
to >10 cm2 

in size, not to mention microelectrodes. 

Pilot plant electrodes may be 100 cm2 to >500 cm2 in area while industrial pilot plant may 

involve electrodes of 0.1 m2 to >1 m2. Since scaling up electrochemical reactors usually 

involves grouping a number of electrodes in bipolar or monopolar stacks, industrial 

installations can involve total electrode areas from 10 m2 to >>100 m2.10,11 

 

Electrodes are designed for a particular use, such as electrokinetic studies, determination of 

limiting currents, bulk electrolysis or continuous reactor operation.2,5 Typically, the data 

obtained at the laboratory are expected to look clean and fit theory. In contrast, laboratory pilot-

scale operation, perhaps in a flow cell, must establish process feasibility at high concentrations, 

the influence of operational variables, suitable cell components and materials, appropriate 

electrolyte flow conditions plus suitable models describing quantitative performance. The type 

of cell design is extensively considered elsewhere with respect to geometry, electrode shape 

and electrolyte flow/electrical connections.2,12,13  

 

Mass transport of reactants/products and heat transport to/from the electrode become more 

important at large scale operation. Mass transport, should be sufficient to supply the electrode 

with the necessary reactant for an efficient operation. Furthermore, since the rate and selectivity 

of electrochemical reactions is dependent on temperature, thermal control also becomes 

necessary. Many redox reactions are exotermic by nature. Combined with the additional heat 

produced by the current flux via the Joule effect, active cooling might be required in the form 
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of heat exchangers. Thermal control plays an important role in ensuring the stability of 

materials and safety of the operation. 

 

Important properties of electrodes 

The following are prerequisite properties for practical electrodes: 

1) Moderate costs, which might be achieved, e.g., by a platinum catalyst coating on a lower 

cost substrate. 

2) Good mechanical, thermal and chemical stability to ensure an adequate lifetime and freedom 

from corrosion. 

3) Effective electrocatalysts to provide a low overpotential for the desired reaction. 

4) A high electrical conductivity to realise low ohmic losses and a uniform current distribution. 

 

Figure 4 indicates the range of electrical resistivity, re, encountered in electrode materials, the 

relationship to conductance, G, being: 

 

 𝐺 = 1
𝑅
= 	 𝐴𝑥𝑠

𝜌𝑒𝑙
        (14) 

 

where l is the length of conductor having a uniform cross-sectional area, Axs. It is important to 

select materials of reasonably low resistivity since short current paths are at odds with the high 

chemical resistance of materials such as titanium, which is further increased by the use of high 

surface area porous, 3D structures. 
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Diversity of electrode form, structure and scale 

The diversity found in all aspects involving electrodes is illustrated in Figure 5. The electrode 

material can be a metal, polymer or composite. It may involve a 2D or 3D structure, be static 

or moving and be an uncoated single-piece or decorated by multiple particles. The typical 

electrode dimension can be m, cm, mm, µm or nm, depending on support material, type of 

surface finish and coating. Electrodes can be produced, imaged and studied by an increasingly 

wide range of techniques, from optical and SEM through X-ray computed tomography and 

synchrotron radiation (catalysts). 

 

The importance of active electrode area, A, is readily appreciated by inspecting several 

fundamental expressions (Figure 6). Equation (8) indicates the importance of achieving a high 

current; if the current density is restricted, this necessitates increasing the active area, for 

example by using a 3D surface or porous structure. Such materials can offer a low pressure 

drop over the flow channel and moderate density. However, care must be taken to control the 

potential distribution to maintain a good current efficiency and, in the case of electrodeposited 

solids, suitable product morphology and purity.2,10 

 

Figure 6 also indicates the importance of active electrode area for charge transfer, equation (9) 

or mass transfer, equation (10) controlled reaction conditions, the use of a greater active 

electrode area allows the current to be increased at a given reactant concentration and under 

particular reaction conditions. As indicated in equation (4), an increase in the current with 

electrode area will be accompanied by ohmic and kinetic losses, leading to a more negative 

cell voltage. In accordance with equation (12), an increase of active electrode area hence 
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electrical charge will result in a higher capacitance. While this presents problems in applying 

laboratory techniques such as cyclic voltammetry, one strategy for realising high specific 

capacitance in supercapacitors is the use of 3D surfaces such as microporous and 

nanostructured carbons. 

 

Fabrication and imaging of electrodes 

Trends in electrode materials include: 

1) An increasing diversity of materials, rather than traditional metals and carbon; examples 

include conductive polymers,14,15 such as polypyrroles or polythiophenes and ceramics, such 

as boron doped diamond and electrically conductive suboxides of titanium, including 

Ebonex.16,17 

2) Modern ceramic-polymer composites, such as carbon fibre-polymer and metal-

ceramic/polymer. 

3)  Deployment of mature coating techniques, such as vapour and plasma deposition, anodised 

and electrodeposited finishes.18,19 

4) The introduction of nanostructured surfaces, with their high activity and area properties. 

Strategies to the fabrication of nanostructured electrodes can be additive (bottom up) or 

subtractive (bottom down) as indicated in Figure 7.  

 

This review highlights electrochemical techniques for the production and surface modification 

of electrode structures but it is important to note that other approaches, which can be alternative 

or complementary, have joined the toolbox for realisation of modern electrochemical materials. 

Examples include electrostatic deposition and electrospinning of fibres. Ponce de León et al. 
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have utilised an electrostatically deposited Pd/Ir catalysed microfibrous carbon mat as a 3D 

cathode for peroxide reduction in a direct borohydride fuel cell.20 Composite fibres of carbon 

nanotubes and hydrothermally synthesised titanate nanotubes incorporating biomaterials, such 

as chitosan, have been produced by electrospinning.21 

 

The route to design and fabrication of cell bodies and electrode structures has been transformed 

by faster, digital-based fast prototyping, particularly computer numerical control (CNC) 

machining and 3D printing. Examples are considered in the following section. Furthermore, 

the continued development of classical imaging tools, such as scanning and transmission plus 

atomic force microscopy together with the introduction of newer techniques such as X-ray 

computed tomography22 has done much to reveal the surface morphology of nanostructured 

surfaces and stimulate research in this area. 

 

Modification and decoration of electrode surfaces 

It is important to address both the benefits offered by modifying electrodes and the many 

methods used to achieve such modifications. 

 

Strategies to achieving modified electrodes 

Two approaches to achieving improved electrode surface properties by modifying existing 

structures are: 

1) Hybrid porous, 3D electrodes. Reticulated vitreous carbon (RVC) foam electrodes have been 

extensively reviewed.23,24 Possible ways of modifying such porous structures include: 

depositing high surface area, and active nanoparticles on the surface, combining the foam with 
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a fibrous or felt structure.25 An example of the former is the deposition of gold nanospheroids, 

by sputtering, onto a nanoporous array of TiO2 on a titanium foil, felt or mesh surface.26,27 

Approaches to the realisation of porous carbon foam electrode supports, offering a high (<97%) 

volumetric porosity to electrolytes together with an enhanced active area are shown in Figure 

8. 

2) Hybrid surface nanostructures. A hierarchical surface geometry comprised by ‘tubes within 

tubes’ is indicated in Figure 9.26 This surface was prepared by incorporation of titanates into 

an anodised microporous TiO2 array on a titanium foil via electrophoresis. Further studies have 

explored improved experimental conditions,28 and the use of in-situ mechanical abrasion of the 

surface to promote insertion of nanotubes into the closed packed hexagonal porous array.29 

 

The decoration of electrode surfaces 

The surface of electrodes can be decorated with a variety of nanoparticles to confer enhanced 

activity and/or area. Useful techniques include sol-gel coating, chemical reduction of metal 

salts, electroless deposition and anodic or cathodic electrodeposition. Examples are considered 

in the section on applications. 

 

In the case of electrochemical techniques, examples of deposited materials include: 

1) Precious metals by galvanic reduction of metal salts, e.g., Pt and Ru catalysts on titanate 

nanotubes or Pt coatings on robust substrates, such as titanium mesh.30,31 

2) A wide range of metals by immersion-, electroless- and cathodic deposition of e.g., Ni, Co, 

Pt and Sn or alloys such as Sn-Cu.32,33 
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3) Metal oxides, such as PbO2 and MnO2 by anodic deposition or by chemical oxidation from 

their salts.34 

4) Composite metal-metal, metal-ceramic and metal polymer coatings by anodic and cathodic 

electrodeposition and anodising.18,19 

 

3D printing and computational approaches to cell and electrode design 

Traditionally, a workshop approach to flow cell production might involve 

machining of polymer sheet, typically 1-10 mm thick, to produce the required 

rectangular flow channel and manifolds, typically by milling. Such machining to 

remove material tends to be slow, costly and tedious, which has encouraged the use 

of moulding then CNC machining and fast prototyping using additive techniques, 

especially 3D printing, over the last 30 years. 

 

Nowadays, cell design can be assisted by CAD, and computer modelling of the 

reaction environment, including electrolyte hydrodynamics, pressure drop, shunt 

currents (‘leakage’ or ‘bypass’ currents flowing through the electrolyte around 

rather than in an ordered fashion through each of the electrodes in a stack), together 

with concentration-, current- and potential distributions. Furthermore, fast 

prototypes of the digital designs can now be readily produced using 3D printing, 

enabling multiple, improved iterations of the cell. The prototypes can then be tested 

in the laboratory. However, it is essential to employ chemically and mechanically 

compatible materials as well as a suitable 3D printer, i.e., capable of producing non-

porous, impermeable components within the desired dimensional tolerances.  
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Recently, Ponce de León et al.35 have reported the characterisation of a versatile, multi-purpose 

electrochemical flow cell manufactured via molten filament 3D printing. This acrylonitrile 

butadiene styrene (ABS) polymer cell could hold electrodes of 50 cm2 and be used in divided 

or undivided, monopolar or bipolar configurations. Limiting currents for the reduction of 

K3Fe(CN)6 ions were determined at different electrolyte mean linear flow rates (up to 28 cm s-

1) at polished nickel electrodes. These currents were used to establish dimensionless group 

correlations describing the mass transport properties of the cell. Following a similar approach, 

local limiting current distributions at segmented electrodes were established for different 3D 

printed electrolyte manifolds in the flow cell.36 

 

The possibility of producing fast prototypes of laboratory redox flow batteries has been 

demonstrated recently for the Zn-Ce flow battery.37 The ability to quickly modify and 

manufacture the cell resulted in a much faster development process. Pressure drop 

measurements were performed to compare such cell with the FM01 laboratory reactor, showing 

a similar behaviour at the manifolds. The authors noted that employing 3D printing based on 

the melting of a polymer filament resulted in undesired porosity within the material and 

deformations due to residual thermal stresses. It was concluded that high resolution laser curing 

of resin was a more suitable technique for the printing of electrochemical flow cell components.  

 

Developments in technology and the hardware of 3D printing have enabled an ever-wider range 

of solid materials to be realised, Examples include auxetic polymer foams having controlled 

pore shape, size and density.38 Electrode structures available include metal fibres, foams and 

meshes, while diverse materials are possible using ink and laser wire/powder feed of raw 

material to the printer. In many cases, a post heating/curing stage can be used to consolidate 

the structure. 
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Developments in 3D printing have enabled the manufacture of 3D porous metal electrodes. A 

recent study has described the manufacture of laser metal stainless steel powder foams having 

controlled pore shape, size and density using a printer equipped with laser remelting of the 

surface under nitrogen.39 The use of digital imaging software allowed visualisation, simulation 

and modification of structure prior to manufacture. Pressure drop across the structures was 

measured, in comparison to conventional metal foams, as a function of electrolyte flow rate, 

allowing permeability and friction factors to be established. Figure 11 shows some of the 

structures realised and their pressure drop vs. flow velocity characteristics in the range 2-14 cm 

s-1 for water at 25 oC passing through 10 mm diameter cylindrical discs of 5 mm length in a 

cylindrical flow channel. The SEM images in Figure 11a), b) and c) show the range of pore 

size realised while Figure 11d) show a CT image of rectangular pore, 20 ppi foam. The typical 

pressure drop vs. flow velocity characteristics of a range of porous bodies are shown in Figure 

11e). 

 

Nanostructured electrode surfaces 

Despite the present fashion for nanostructured surfaces, the long history of nanostructured 

electrode surfaces is seldom appreciated. Platinised surfaces have long been used to achieve a 

high surface area, avoid polarisation effects and achieve improved reaction rates. The electrode 

surfaces of electrolyte conductivity probes are commonly platinised by electrodeposition 

following manufacture or renovation.40 Early platinum black surfaces were used in 

electrolysers and fuel cells. Grove’s 1842 letter to Faraday is summarised in Figure 12 and can 

now be viewed as a stack of bipolar, regenerative hydrogen-oxygen fuel cells. 
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Electrochemical techniques for the realisation of controlled surfaces by anodising and 

electrodeposition have been reviewed.18,19 In favourable cases, it is possible to choose 

electrodeposition bath composition and control operating conditions such that nanostructured 

surfaces are directly deposited in a single step, one-pot, undivided cell, which facilitates 

industrial processing and scale-up. Nanostructured nickel has been electrodeposited from a 

chloride ion containing, acid sulphate, Watts nickel electrolyte.41 The process was carried out 

at 100 mA cm-2 for 180 seconds after applying a surface pre-treatment at the same current 

density in 100 cm3 dm-3 concentrated HCl and 240 g dm-3 NiCl2 for 60 seconds.  

 

The resulting surface had an average surface roughness of ca. 100 nm. Mass transport studies 

of ferricyanide reduction using 1 mmol dm-3 Fe(CN)63- in 1 mol dm-3 Na2CO3 at 25 oC in a 

rectangular flow channel, showed that the performance of the nanostructured electrode, 

compared to a flat nickel plate, was enhanced by a factor of 3-11 at linear flow velocities 

between 6 and 38 cm s-1. Other examples of engineering electrodeposits from Watts nickel 

electrolytes have been highlighted elsewhere.42 

 

Applications 

Energy conversion 

The use of a Pd-Ir catalysed carbon fibre mat as the cathode for peroxide reduction in a direct 

borohydride fuel cell has been mentioned in a previous section.20 Various porous, 3D electrode 

structures have been used to oxidise borohydride in alkali for such cells.43 In order to bring the 

concept of borohydride fuels cells closer to implementation, Abahussain et al. have recently 

carried out the characterization of the mass transport at diverse electrode geometries, such as 

plate and 3D mesh (fine and coarse), micromesh and felt.44 All of the electrodes shown in 
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Figure 13, were manufactured Pt-Ir/Ti due to its high catalytic activity towards borohydride 

oxidation. The divided cell accommodated electrodes with projected areas of 9 cm2 and 

operated in 0.01 mol dm-3 NaBH4 in 2.0 mol dm-3 NaOH at 25 oC, the borohydride 

concentration facilitating mass transport studies. The felt electrode enhanced the limiting 

current by a factor of 100 in comparison to planar electrodes at an electrolyte velocity of 6 cm 

s-1, although higher power densities were achieved by employing the fine mesh electrode at 

100 mA cm-2. 

 

Similar 3D Pt/Ti electrodes, which are typically coated by a 3.5 µm thick electrodeposit of 

platinum, have been used for the positive electrode of a Zn-Ce hybrid redox flow battery.45 

Pt/Ti expanded mesh and in-house micromesh and felt were examined, their noble metal 

distribution studied by X-ray computed tomography.31,46 Limiting current measurements were 

made for the reduction of Ce(IV) ions in an electrolyte containing 0.1 mol dm-3 Ce(IV) and 0.7 

mol dm-3 Ce(III) in 4 mol dm-3 methanesulphonic acid at 25 oC. The current enhancement factor 

observed over 1-16 cm s-1 at the porous electrodes was between 15 and 20 for the mesh, 

between 52 and 62 for the micromesh stack and between 108 and 160 for the felt.45 The 

volumetric mass transfer coefficient, kmAe was as high as 0.1 s-1 at a flow velocity of 12 cm s-1 

for the felt, compared to a value of 0.0007 s-1 for the foil under similar conditions. The present 

authors also characterized the hydraulic characteristic of the same electrodes, as pressure drop 

over porous electrodes has significant consequences on the energy efficiency of 

electrochemical reactors.47 

 

Environmental treatment 



25 
 

The use of electrochemical techniques for remediation of organic contaminants in wastewaters 

by anodic oxidation has greatly increased over the last 30 years.48,49 For instance, 4-[4-

(dimethylamino)phenylazo] benzenesulfonic acid [methyl orange] is commonly used as a 

textile dye. It has often been used as a model dye to characterise the performance of novel 

electrodes during its removal by oxidation reactions. Such processes can be readily scaled up 

and implemented in industry as a way to comply with environmental regulations.   

 

De Vidales et al. studied the removal of methyl orange from wastewaters in a rectangular 

channel flow cell fitted with a nanoporous TiO2 array coated titanium anode through a 

photoelectrocatalytic reaction,50 examining the effect of electrode potential and electrolyte flow 

rate over its efficiency. The coating was prepared by anodising a titanium plate in 0.1 mol dm-

3 NH4F in aqueous ethylene glycol electrolyte at ca. 25 oC at 40 V for 100 minutes. A 

subsequent heat treatment in air for 100 min at 450 oC produced a photocatalytic surface under 

UV light. As shown in Figure 14a) and b), SEM imaging showed that the array coating 

consisted of 0.1 mm internal diameter titanate tubes. Under potentiostatic control at 1.5 V vs. 

Ag/AgCl, the decay of dye concentration with time was first order, as indicated in Figure 14c). 

 

Recio et al. achieved highly crystalline, nanostructured, three-dimensional b-PbO2 coatings by 

galvanostatic anodic deposition from electrolytes containing 1.0 mol dm-3 lead (II) 

methanesulfonate and 0.2 mol dm-3 methanesulfonic acid at 60 ºC and 20 mA cm−2.51 The matte 

grey deposits on the carbon substrate displayed adherence and high surface area. XRD analysis 

revealed that the crystal size was between 20-30 nm and AFM imaging showed uniform 

deposits with surface roughness between 255-275 nm. The authors studied several porous, 3D 

supports for the lead dioxide. Promising results were obtained with 275 cm3 of 0.25 mmol dm-

3 methyl orange in 0.05 mol dm-3 Na2SO4, at pH 3.0 and 22.5 ºC. An anodic Fenton process 
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with a large area carbon felt counter electrode and 0.2 mmol dm−3 Fe2+ in the electrolyte, as a 

catalyst, performed better than direct oxidation in the absence of ferrous ions. Quick and 

complete decolourisation was achieved in 60 minutes. Figure 15 indicates the performance of 

typical anodes. Those with a PbO2/TiO2 nanotubes coatings displayed higher activity towards 

the mineralization process compared to those modified only with PbO2.  

 

Zaidi et al. have studied a composite nanostructured 3D electrode involving PbO2 particles on 

a decorated titanium felt surface anodised to form a nanotubular array of TiO2.52 The surface 

was treated at 25 ºC in methanesulfonic acid concentrations from 0.1 mol dm-3 to 5 mol dm-3 

and 0.5 or 1 wt % NH4F. A cell voltage of 30 V was applied between the felt and a graphite 

plate for 1 h. PbO2 particles were anodically deposited for 6 h. over the nanotube array to 

produce well-dispersed coatings, the deposits appearing as cauliflower-like clusters, exhibiting 

a-PbO2 phases. Its performance was recorded in solutions containing Reactive Black 5 [RB-

5] azo dye. The electrochemical properties result from the generation of •OH free radicals over 

the non-active Ti felt/TiNT/PbO2 substrate while photocatalytic characteristics were related to 

the synergistic effect imparted by photo-induced holes and free electron acceptors. 99% 

decolourisation of RB-5 dye (as measured by visible absorption at 597 nm) was achieved after 

60 min. anodic oxidation at the Ti felt/TiNT/PbO2 anode. This coating was calcinated at 450 

°C for 60 min in air, transforming the TiO2 phase of the nanotubes into anatase, allowing 97% 

of RB-5 dye remediation within 30 min via photocatalytic degradation. 

 

Coatings and surface finishes 

Graves et al. have recently described a new method for the fabrication of metal nanowires for 

the electronics industry.53 The method is based on electrodeposition using porous 

polycarbonate templates. First, a thin film of silver is sputtered on one side of the polycarbonate 
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foil. This is followed by the electroless deposition of copper up to a thickness of 300 - 500 nm. 

Acetone is then used to release the nanowires from the template mask. The authors 

demonstrated the process by preparing copper nanowires using controlled potential deposition. 

The procedure, shown in Figure 16A), can be used for other metals. A typical SEM of the 

tomography of the ‘nanoforest’ of wires is shown in Figure 16B), a close-up cross-section of 

the template/wire growth being provided in Figure 16C). This economical method can be used 

as an alternative to physical or chemical vacuum deposition for the production of nanowire 

surfaces. 

 

The continued development of codeposition of materials by combining electroplating with 

electrophoresis of particles in a growing metal matrix54 including nanoparticles55 has facilitated 

a wide range of advanced tribological surfaces to be realised in engineering. Superhydrophobic 

surfaces, for instance, offer a high contact angle for water, ease of cleaning and less fouling. 

However, they usually have poor mechanical properties, which hinders their potential for 

application.  

 

Recent work has sought to produce more robust surfaces. Zhao et al.56 have recently described 

Ni-WC composite electrodeposits modified by stearic acid. These coatings retained their 

superhydrophobicity after a 450 cm long SiC abrasion test. Their maximum contact angle of 

water was ca. 164 deg with a sliding angle close to 0 deg. The authors found that varied surface 

morphologies could be obtained by controlling the concentration of WC nanoparticles in the 

electrolyte, the electrodeposition current density and mass transport, which was provided in the 

form of stirring. In essence, higher current density produced less roughness up to 8 A dm-2, 

while a maximum concertation of WC particles was obtained from dispersions containing 20 

g dm-3 at a rotation stirring speed of 800 rpm. 
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A super-hydrophobic, self-lubricating Ni-P-WS2 coating prepared by electrodeposition has 

been described by He et al.57 A superhydrophic Ni-P-WS2 coating showing a low friction 

coefficient against steel was achieved by a one-pot process in a modified Watts nickel 

electrolyte containing 220 g dm−3 NiSO4·6H2O, 30 g dm−3 H3BO3, 10 g dm−3 NaH2PO2, 12 g 

dm−3 citric acid and 45 g dm-3 NiCl2·6H2O at 60 °C.	A hierarchical surface resulted of the 

adjustment of the particle size and CTAB surfactant concentration, displaying a water contact 

angle of ca. 160 °. Studies employing a tribometer showed that the WS2 particles embedded in 

the <15 µm thick Ni-P coatings (3.6%wt) displayed a uniform dispersion due to the convection 

applied during the electrodeposition. 

 

He et al. have also described a novel composite luminescent Ni electrodeposit incorporating 

blue-emitting phosphor particles for in situ wear detection. For this, a rare earth-based mixed 

metal oxide [BaMgAl11O17:Eu2+] was dispersed in an aqueous electrolyte by using cationic 

surfactant and non-ionic surfactants and polyethylene glycol.58 The effect of particle and 

additive concentration on the degree of phosphor content was analysed. Figure 17a) shows the 

cross-section of a one-layer coating, while Figure 17b) shows induced wear on this surface as 

revealed by fluorescent microscopy using light excitation at 450 nm. Figure 17c) shows a 

double composite coating and Figure 17b) the wear illuminated at 330 nm. It was found that 

coating luminescence could be maximized by employing a concentration of 5 g dm−3 of 

phosphor particles in the electroplating bath, rather than increasing the thickness of the deposit. 

 

Zhou et al. have stressed the improved deposits achieved by dispersion of particles in 

electrolyte using high shear mixing, rather than the commonly used magnetic stirring.59 The 

importance of this approach is illustrated in Figure 18, where the quality of electrolyte 

dispersion and deposit performance is considered for Ni-MoS2 electrodeposits. Improved 
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dispersion of MoS2 particles in the modified Watts nickel bath containing CTAB surfactant is 

indicated in Figure 18a). The effect of the dispersion method can be observed in Figure 18b) 

and Figure 18d), which show optical scans of the deposit morphology. The corresponding SEM 

images are shown in Figure 18c) and Figure 18e), respectively. 

 

The controlled electrodeposition of Sn-Cu alloys from methanesulphonic acid electrolytes on 

porous, 3D carbon supports has been demonstrated by Low et al.60 Figure 19a) shows the 

surface of a coating on RVC, which comprises a network of interconnected pores and provides 

a rigid, high surface area substrate.22-24 Figure 19b) depicts a cross-section of the 4Sn46Cu50Bi 

alloy at the surface. Compressible carbon felts were also coated with the Sn-Cu alloy, as shown 

in Figure 19c). The morphology of the deposit can be appreciated in a closer view, Figure 19d). 

Such conductive carbon supports can be employed as anodes or cathodes in electrochemical 

flow cells due to their high hydraulic permeability. Furthermore, it is possible to produce multi-

layered coatings with improved surface adhesion or enhanced functionality on the same 

substrates.  

 

Drug delivery 

The properties of electrodeposited conductive polymers can be harnessed for drug delivery 

systems. As described in a recent review,61 a drug can be incorporated into a swelling film 

during the oxidation of a conductive polymer and subsequently released during the reduction, 

and shrinking, of the film under a controlled electrode potential. Alshammary et al. have 

demonstrated the possibility of delivering (4-isobutylphenyl)propanoic acid [ibuprofen] from 

an electrodeposited polypyrrole (PPy) film on a self-dissolving, biocompatible AZ31 Mg 

alloy.62 Figures 20a) and 20b) show the anodic take-up of the drug during PPy formation in a 

salicylate electrolyte. Electrochemical and mechanical properties, deposit morphology, 
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thickness and drug release vs. time were studied in sodium salicylate solutions. The films 

containing the drug displayed a cracked surface with needle-like structures, as shown in Figures 

20c) and 20d), respectively. In contrast, compact films prepared in the presence of salicylate 

only are compact, crack free and adherent. Similarly, the presence of the drug results in more 

plastic films, as shown by nano-indentation experiments. It was also shown that the formation 

of a Mg passivating layer during the oxidation of PPy could be overcome by concentrations of 

ibuprofen above 5 × 10-3 mol dm-3. Up to 234 mg cm-2 of ibuprofen could be released in 15 

min from 10 µm thick films. Avrami’s equation described the overall kinetics of this process; 

see Figure 20e). A challenge for this drug-release concept is the uneven dissolution of the Mg 

substrate during ibuprofen release in 0.9% wt. NaCl. It is expected that thinner substrates or 

semi-protective intermediate layers could enable a homogeneous dissolution of the alloy. 

22 

10. Summary 

1) The diversity of cell geometry and use in electrochemical processing and energy conversion 

are concisely reviewed with an emphasis on electrode design. The scale of electrode size varies 

from several cm2 in the laboratory to hundreds of m2 at full industrial scale. 

2) Fundamental properties of electrodes, such as electrical resistivity and the importance of rate 

control are reviewed. 

3)  Electrochemical engineering aspects of electrodes, including reaction environment such as 

fluid flow, mass transport rates and thermal control are important in governing their properties 

in technological applications 

4) Important developments to electrodes, such as modern, porous 3D structures, nanostructured 

surfaces, surface decoration and digital imaging and fabrication by 3D printing are illustrated 

by examples. 
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5) Current and developing applications for diverse electrode structures have been illustrated by 

examples from energy conversion, electrosynthesis, environmental treatment, coatings 

technology and drug delivery. 

6) Developments in surface engineering coatings have included a range of composite 

electrodeposits involving one or more types of ceramic or polymer particles embedded into the 

growing metal matrix, examples including Ni-WC, Ni-S2 and Ni-P-WC. Such coatings can 

confer properties such as enhanced wear resistance, lower friction, in-situ wear diagnosis and 

less wear. 

7) For environmental treatment, approaches can be combined; an example is anodic 

photocatalytic degradation of organic dyes using photocatalysts, such as TiO2, in 

nanostructured form and decorated with nanoparticulate electrocatalysts, such as PbO2 

spheroids. 

8) One modern approach to controlled drug release is the use of a conductive polymer on 

magnesium alloy, in a self-driving, galvanic cell mode. 

 

11. R & D needs and future developments 

The following are important to the continued development of electrode materials: 

1) Improved active area by surface decoration and modification of electrode supports. 

2) Increased catalytic activity using nanostructured surfaces. 

3) Tailored architecture to offer a gradation of electrode structure and composition with depth. 

4) Hybrid structures to offer increased active area while maintaining benefits such as a high 

volumetric porosity for electrolyte flow. 
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5) Integrated use of digital imaging, computational software and fast prototyping 

manufacturing techniques to realise controlled, complex structure, composition and 

architecture for specific applications. 

 
Future developments in these fields might build on past achievements to realise: 

1) Electrically stimulated CT during medical operations, combining high resolution imaging 

with dynamic electrochemical activity. 

2) Wireless control of battery recharging and UAVs for intelligent portable power and drones, 

encompassing self-diagnosis of cell or electrode condition and remote, dynamic control of 

electrodes/cells, offering a flexible and dynamic response. 

3) Controlled drug release, in-situ, by remotely programmed triggering of bioelectrodes. 

4) Intelligent, dynamic materials responding to environmental factors, using modified 3D 

printing technology in combination with digital imaging and computational design. 

5) Highly efficient electrochemical reactors with tailored porous electrodes for electrosynthesis 

of chemicals, destruction of contaminants and energy storage. 
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Figures 

 

 

Figure 1. A schematic electrochemical cell, indicating the interfacial sites for reduction and 

oxidation together with the charge carriers involved. 

 

 

Figure 2. Galvanic and electrolytic cells, showing the direction of energy conversion with 

examples. 
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Figure 3. The diverse scale of electrochemical reactors, a) indicating electrode area and 

reactor current together with the typical range of subject areas; species involved and typical 

electrodes/cells involving b) electrocatalysts (nanostructured), c) laboratory electrodes (<1 

mm2 to >10 cm2, d) laboratory pilot plant (100 cm2 to >500 cm2, e) industrial pilot plant (0.1 

m2 to >1 m2) and f) industrial plant (10 m2 to >>100 m2). 
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Figure 4. The electrical resistivity, re of electrode materials, showing a wide range of 

diverse materials and typical ranges for their deployment in electrochemical technology. 

 

 

Figure 5. Possibilities for electrodes used in electrochemical technology, demonstrating a 

diversity of shapes, structures, materials, coatings, manufacturing methods and 

characterization techniques. 
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Figure 6. The importance of active electrode area, A is readily appreciated via fundamental 

expressions, involving equations (8), (9), (10) and (12). 

 

Figure 7. Strategies to achieve nanostructured surfaces, emphasising the difference 

between subtractive and additive techniques. 
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Figure 8. Hybrid 3D electrodes augmented by nanocatalyst structures. a) An X-ray 

computed micro-tomography image of 100 ppi RVC at resolution of 9.6 µm per voxel. b) A 

closer tomography view of the same material at a resolution of 1.3 µm per voxel, showing the 

structural features of the carbon foam. Methods to achieve hybrid porous RVC electrodes 

having higher active area by infilling pores: c) fibre infilling, d) infilling with felt nets, e) foam 

modified by felt, and f) modified with webs. 
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Figure 9. The realisation of a hierarchical, tube-in-tube surface geometry, using 

electrophoretic deposition into an anodised microporous surface. a). schematic of 

this methodology. SEM images of titanate nanotubes deposited on the surface of a 

TiO2 porous array in an ethanol suspension at stirring rates of: b) 0 rpm, c) 50 rpm 

and d) 400 rpm. e) Cross-sectional TEM image of a large TiO2 pore containing 

titanate nanotubes; stirring rate of 400 rpm. Adapted from Bavykin et al.,28 with 

permission from The Royal Society of Chemistry. 
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Figure 10. A 3D printed cell body for a laboratory rectangular channel flow cell. a) 

Schematic view of the 3D printed flow cell. b) Digital image of a 3D printed flow channel and 

c) Log-log plot of the correlation between Sh and Re obtained from the reduction of 

ferricyanide ions at nickel electrodes in different rectangular flow channel designs: �) 3D 

printed flow cell, ◇) and ▲) FM01-LC pilot scale electrolyser, Ê) ElectroSynCell, �) and 

¢) bulk and nanostructured Ni surfaces. The solid line represents the correlation for fully 

developed laminar and turbulent flow in a rectangular channel of the same dimensions. 

Adapted from Ponce de León et al.,35 with permission from AIDIC/CET. 
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Figure 11. Stainless steel 3D printed porous structures manufactured by selective laser 

sintering of a metal powder precursor. a), b) and c) SEM images of various metal rectangular 

scaffolds with different pore sizes, d) X-ray computed tomography image of a 20 ppi structure, 

e) pressure drop of water at 25 oC as a function of mean flow velocity for the range of printed 

porous bodies. 
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Figure 12. Grove’s letter to Faraday in 1842 concerning the principles of a hydrogen-

oxygen fuel cell/electrolyser, which can now be considered to indicate the strategy of 

operating a regenerative fuel cell/water electrolyser, using bipolar electrodes, having 

nanostructured surfaces, connected in electrical series. 
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Figure 13. 3D platinum-iridium coated titanium anodes for use in a borohydride fuel cell 

along a platinized titanium cathode. a) Pt-Ir/Ti plate, b) Pt-Ir/Ti mesh, c) Pt-Ir/Ti micromesh, 

d) Pt-Ir/Ti fine mesh, e) Pt-Ir/Ti felt. f) Pt/Ti mesh cathodic counter electrode. All electrodes 

had geometrical projected areas of ca. 9 cm2 and were spot-welded to a Ti current collector. 

Mean linear electrolyte flow velocities up to 16 cm s-1 were evaluated during mass transport 

studies for the oxidation of 0.01 mol dm-3 NaBH4. Reproduced from Abahussain et al.,44 with 

permission from The Electrochemical Society. 
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Figure 14. Anodic photocatalytic oxidation for removal of methyl orange (MO) at TiO2 

nanotubular arrays on planar titanium. SEM images of Ti plate anodised in 0.1 mol dm-3 

NH4F in a mixture of 2% vol. water in ethylene glycol: a) TiO2 at different regions of the plate, 

b) close view of the nanotubes near a crevice. Cell potential of 40 V, heat treatment 

temperature, 450 oC for 100 min. c) Effect of volumetric charge on the oxidation of methyl 

orange under irradiation by light of 500 nm wavelength. 0.25 mmol dm-3 methyl orange in 0.1 

mol dm-3 Na2SO4 at 15 oC and an electrode potential of 1.5 V vs. Ag/AgCl. Volumetric flow 

rate of electrolyte: (*) 20 L h-1, (▲) 60 L h-1, (□) 100 L h-1, corresponding to mean linear flow 

velocities of 4.6, 13.2 and 23 cm s-1. Adapted from de Vidales et al.,50 with permission from 

Wiley. 
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Figure 15. Electrochemical Fenton oxidation of methyl orange at a nanostructured PbO2 

deposit on carbon felt support. a) SEM image of a PbO2/TiNT coating on RVC prepared at 

2.5 A for 30 min. in a solution of 1.0 mol dm−3 Pb(CH3SO3)2, 0.2 mol dm−3 MSA and 26 mmol 

dm−3 thiourea at 60 ◦C. b) Colour removal as a function of electrolysis time for a solution 

containing 0.25 mmol dm-3 methyl orange and 0.05 mol dm-3 Na2SO4 (pH 3.0) at 22.5 ºC 

employing a Ni plate cathode. Anodic oxidation with: ●,) �) RVC/PbO2 and ¨), r) 

RVC/PbO2/TiNT. c) TOC removal as a function of time for the same experiments. Adapted 

from Electrochimica Acta, 56(14), Recio FJ, Herrasti P, Sires I, Kulak AN, Bavykin DV, Ponce 

de León C, Walsh FC, The preparation of PbO2 coatings on reticulated vitreous carbon for the 

electro-oxidation of organic pollutants, 5158–5165, Copyright (2011),51 with permission from 

Elsevier. 
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Figure 16. A copper nanowire forest grown by electroless deposition through a regular 

polycarbonate template. A) the steps involved in the deposition process, B) a scanning 

electron micrograph showing multiple nanowires after removal of the template and C) a closer 

view of B). Adapted from Electrochemistry Communications, 87, Graves J, Bowker ME, 

Summer A, Greenwood A, Ponce de León C, Walsh FC, A new procedure for the template 

synthesis of metal nanowires, 58–62, Copyright (2018),53 with permission from Elsevier. 
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Figure 17. A composite, superhydrophobic coating incorporating in-situ wear diagnosis. 

a) Optical cross-section of a coating of luminescent particles on a mild steel substrate. b) Wear 

shown by fluorescent microscopy using light excitation at 450 nm shows. c) Optical cross-

section of double coating having luminescent particles as an intermediate layer. d) Wear is 

revealed under photoluminescence when the intermediate later is exposed. Reproduced from 

He et al.,58 with permission from The Royal Society of Chemistry. 
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Figure 18. The importance of particle dispersion in the electrolyte for composite 

electrodeposition. a) MoS2 particle Z-average size as a function of mixing time, as measured 

by an optical scattering particle measurement Zetasizer. 3D optical scan and SEM images of 

b), c): Ni-MoS2 coating from an electrolyte in which particles were dispersed by high-shear 

mixing; d), e): Ni-MoS2 electrodeposits from an electrolyte in which particles were dispersed 

by magnetic stirring.59 
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Figure 19. Electrodeposition of tin–copper alloys on porous, 3D supports. a) On 100 ppi 

RVC substrate with a volumetric porosity of 97%; b) closer, cross-sectional view of a modified 

100 ppi RVC strut; c) On carbon felt with a volumetric porosity of 68% and fibre diameters 

between 5 and 10 µm; d) closer view of tin-copper coated felt fibres. Reproduced from Low et 

al.60 
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Figure 20. An example of controlled drug delivery. a), b) SEM images of the surface 

morphology of polypyrrole on a AZ31 alloy prepared in presence of sodium salicylate; c), d) 

SEM image of polypyrrole film having adsorbed ibuprofen. e) Ibuprofen release in terms of 

mass fraction from an 1 cm2 electrode in 0.9 wt.% NaCl at 25 oC. Adapted from Alshammary 

et al. with permission from Springer (CC 4.0 licence).62 

 

 


