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Abstract
Electrochemical cells continue to be important in synthesis and processing of commodity and speciality chemicals, environmental remediation, energy conversion and electrodeposition. A current challenge is the increasing need to achieve a high performance from cells which can be easily designed, manufactured or modified. Conventional manufacturing has involved machining of cast and extruded materials in a mechanical engineering workshop, which can involve delays, the need for skilled specialists and considerable costs. Increasingly, the benefits of fast prototyping as a route to manufacture are being realised. Modern approaches to detailed imaging of structures (e.g., by computed tomography) can be combined with on-screen, digital design (via computer software suites), followed by modification then data export to a 3D printer. In this fashion, a fast, flexible, cost effective and attractive route to manufacture of prototype electrodes and cell bodies can be realised. This paper demonstrates the success of a design-image-manufacture cycle to realise polymeric electrochemical flow cell compartments and electrodes. Future developments are suggested.
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1. Introduction
Electrochemical cells continue to find use in synthesis and processing of selected commodity and fine chemicals both in the research laboratory and in industry [1-6]. One of the challenges facing the technology is the increasing need to achieve a high performance from cells which are easily designed, manufactured or modified. This is particularly true of flow cells [1,2] used in energy conversion and storage, such as redox flow batteries [7,8], electrosynthesis of organics [9-11], environmental remediation (including removal of metals [12,13] and organic contaminants [14,15] from process streams and wastewaters), specialised electrodeposition of metals [16-18] and composite coatings [19] as well as electrochemical machining [20].

The importance of electrochemical cell design has been emphasised [3-6,8]. Critical aspects include electrode form, cell geometry, cell construction, composition of the components and assembly. Engineering design, which is the process of creating a device, system or method to carry out specific tasks [21], can be implemented to electrochemical technology. It is often an iterative decision-making process, in which science and engineering principles are put in application aiming towards the optimal use of available resources [21]. In the case of electrochemical flow cells, the components include electrodes, possibly a cell divider and a containment vessel for the electrolyte, i.e., the cell body. Appropriate care must be taken to control the reaction environment within the flow cell by selecting the appropriate shape of functional components in order to achieve adequate performance and efficiency [1,22]. The following sections demonstrate the success of a virtuous cycle of design-image-manufacture to realise polymeric flow cell channels together with porous metal electrodes (such as mesh and foam) to utilise them for energy conversion, environmental treatment, electrosynthesis or further surface finishing.

2. Modern manufacturing processes
Conventional manufacturing has typically involved machining of cast and extruded materials in a mechanical engineering workshop, which can involve long delays, the need for highly skilled specialists and considerable costs. Routine operations, such as drilling and milling, strategically remove material in a subtractive manner. However, the benefits of additive processing routes to manufacture are being increasingly realised, particularly in the case of additive manufacturing or 3D printing of materials [23,24]. In addition to their convenience in rapid prototyping [25], these techniques can enable the production of solid geometries difficult or impossible to obtain from conventional machining. Multilateral additive manufacturing now permits integration of components of different composition and functionality into a single operation [26].

On-screen, digital design (via computer software suites), followed by data export to a 3D printer and detailed imaging to confirm and characterize structure (e.g., by computed tomography) then modification. The cycle shown in Figure 1 can proceed in either direction and the starting/stopping point can be anywhere between stages, providing integration and flexibility. In this fashion, a fast, flexible, cost effective and attractive route to manufacture of prototype electrodes and cell bodies can be realised. The cycle may be considered as virtuous in the sense that design, imaging and manufacture are streamlined, facilitating good control over quality and costs.

This approach has successfully been applied to produce, polymer flow cell compartments [27-31], 3D metal porous electrodes [32-35], and flow turbulence promoting polymer meshes [29,31].

3. Electrochemical flow cells for synthesis and energy storage
3.1 Proof of concept: A 3D printed flow cell
An early conceptual cell prototype was produced using an Up Plus 2 printer (PP3DP Ltd.) by resin stereolithography [27]. All cell components, including compression plates were 3D printed, with the exception of fastenings and electrodes; see Figure 2a). Although tolerances of ±0.5 mm on overall length dimensions were achieved, the compression plates suffered deformation caused by heat residual stress. Thus, the resulting cell suited only for short term experiments due to its imperfect hydraulic sealing. Nevertheless, design flaws were identified then corrected. Limiting current experiments for the reduction of ferricyanide ions at the 49 cm2 nickel foil electrodes with a 1.5 cm interelectrode gap were demonstrated for the unrestricted electrode channel, which is shown in Figure 2b). The effect of a turbulence promoter in the form of a polyester foam was also studied. Limiting current data, presented in Figure 2c), was employed to establish dimensionless group correlations for the electrochemical mass transport achieved by the 3D printed flow cell. This experience highlighted the need to select printing techniques and conditions that avoid heat residual stresses.

3.2 Design features of an early modular prototype
An early prototype of a working flow cell with a projected electrode surface area of 24 cm2 was then developed to provide a controlled reaction environment for the study of the Zn-Ce RFB in the laboratory by accommodating porous electrodes [29]. The design brief in Table 1 summarises the cell design, presenting the dimensions and hydraulic characteristics of the two half-cells as well as the planned operating conditions. The opportunity was taken to simplify the design for low maintenance and ease of assembly. The design drivers for the new laboratory cell were minimum assembly time, elimination of electrolyte leak points, uniform electrolyte flow and the ability to rapidly redesign using experimental feedback.

The cell design went through several iterations, permitting to identify flaws and modify the design. For instance, a first, non-functional rapid prototype for the electrolyte flow channels is shown in Figure 3a), while the final, working 3D printed components are presented in Figure 3b). They were manufactured using an Up Plus 2 printer (PP3DP Ltd.) and a Dimension 1200es (Stratasys Inc.), respectively. In the case of the working components, tolerances of ±0.25 mm were achieved, requiring approximately 8 hours for the printing of three cell frames. A high degree of precision is important in the case of flow fields placed in the inlet manifold of both flow frames, which would have been problematic to manufacture by traditional methods. The components had an average surface roughness of 10.3±1.7 μm.

Both positive and negative electrode compartments were 6.0 cm × 4.0 cm, while the flow and current collector frames were 6.0 cm × 19.0 cm × 0.4 cm thick. The positive and negative electrodes consisted of a mesh and a plate, thus their thickness were 0.75 cm and 0.4 cm, respectively. Manifolds were placed on the same side for compact design. The cell components were aligned and held together in a rigid stainless steel case by means of compression applied using two M6 stainless steel screws, thus allowing to omit fastenings between components. The interior of the 304 stainless steel case was insulated with a 0.5 mm thick polytetrafluoroethylene sheet. A central aim of cell manufacture at this stage was the prevention of electrolyte leaks. Pressure drop measurements were carried out with a digital manometer in a range from 1 to 7 cm s-1, reaching up to 94 kPa in the negative electrode compartment. A flat, smooth 3D printed surface was critical to avoid leaks, necessitating high quality, flexible gaskets and an adequate, uniform compression applied to the different layers.  

Relevantly, the fluid flow within the two main iterations of the cell design has been simulated by computed flow dynamics (CFD) in order to improve the uniformity of the flow velocity in the flow channel. As shown in Figure 3c), the first design featured flat flow distributors, which resulted in an asymmetrical distribution of the flow. The second flow field geometry was designed to improve flow symmetry. 3D printed prototyping can aid the design process by permitting the in-house manufacture of custom models, to accelerate the experimental validation of mathematical models created from the cell geometry using computer assisted design (CAD). 

4. New developments
4.1 3D printed porous electrodes
Evidently, additive manufacturing can produce a greater impact on the design and production of electrochemical devices through its application to the electrodes themselves. Both planar and porous electrodes can benefit from the possibility of producing fast prototypes, tailoring their design and creating novel configurations, aiming to enhance and control their performance. As a result, several 3D printed porous structures were manufactured using a M2 Multilaser (Concept Laser GmbH) equipment via laser sintering of a stainless steel 316L precursor powder. Stainless steel can be used as a stable cathode for various electrochemical operations [36], while a nickel coating provides a moderately active catalyst, which is stable in alkaline media [37]. Several geometries were produced, including three-dimensional grids of intersecting, empty spherical volumes, having diameters of 1.8 mm and 1.0 mm, as shown in Figure 4a) and Figure 4b), respectively. The individual cells were arranged in a square packing configuration to form a 60.0 mm × 40.0 mm × 3.7 mm porous electrodes (projected area 24 cm2) on an integrated current collector. The surface morphology of the uncoated 1.8 mm and 1.0 mm diameter cell electrodes are shown in the SEM images of Figure 4c) and Figure 4d), respectively. Evidence of laser melting is present in the form of fused clusters of metal and dispersed nodules, which extend the surface area of the electrode.

The concept of 3D printed, tailored porous metal electrodes was thus introduced in a short communication [32], featuring the averaged mass transport characteristics of hexagonal packed cells of 1.8 mm in diameter. The 24 cm2 stainless steel electrode was coated with nickel, as indicated in section 5. Limiting currents for the reduction of ferricyanide ion were determined over mean linear flow rates between 1.0 and 6.3 cm s-1 using linear polarisation and chronoamperometry in a flow cell derived from the 3D printed model shown in Figure 3b). The work served to establish the feasibility of tailoring the volumetric mass transport coefficient, kmAe, of the porous electrodes by controlling their surface morphology and surface area. For this particular electrode, the kmAe values were similar to an expanded metal mesh, although metal foam and grid analogues can also be produced.

Insoluble, electrocatalytic anodes in acid media are also important. Hence, the 3D printing of a triangular aperture mesh in titanium and its electrodeposition with platinum was recently demonstrated [35]. Titanium is corrosion resistant and, when coated with platinum, it acquires high catalytic activity for various applications [38], including oxygen evolving anodes in electroplating [39]. The mesh consisted of intersecting open cells with the shape of triangular prisms with 0.31 mm by side and a pitch of 0.31 mm. A workpiece with a diameter of 36.0 mm was manufactured by an external supplier (Proto Labs Ltd., UK) through laser sintering of a Ti-6Al-4V alloy precursor powder, achieving a resolution of 20 microns. As an example of the virtuous cycle, the surface area of the 3D printed structure was estimated from CT scans after its manufacture, revealing that it was approximately 15.8% larger than the surface area of the CAD object. This shows that advanced imaging can then permit to redesign the object to achieve accurate, design properties. 

4.2 3D printed turbulence promoters
Turbulence promoters are often mesh-like, polymer structures employed to enhance mass transport to planar electrodes in electrochemical flow cells [40, 41]. Since the enhancement factor for a given turbulence promoter depends on its orientation, shape, porosity and surface area [42], it was desirable to generate different, tailored patterns and aperture sizes by 3D printing. In an early exploratory work [29], the cross-section of 6.0 cm × 19.0 cm components had a flat profile due to manufacturing constraints, but it was found that the printing resolution was important in fabricating turbulence promoters for electrochemical flow cells, as it was difficult to obtain material thin enough to maintain a sufficiently robust separation between each internal square. In practice, structures having sharp angles opposing the direction of fluid flow are much more effective as turbulence promoters [42, 43]. 

More recently, 3D printed turbulence promoters similar to non-woven polymer meshes have been implemented in the inlet and outlet channels of a flow cell applied to the electrodeposition of metals [31]. The 3D printed turbulence promoters had overall dimensions of 4.0 cm × 5.0 cm at the inlet and 4.0 cm × 2.0 cm at the outlet of the cell. They are shown within the flow frame for the cathode half-cell, as manufactured by machining and by 3D printing in Figure 5a) and Figure 5b), respectively. The structures were printed in ABS using a Dimension 1200es (Stratasys Inc.) printer. Their main function was to homogenize the flow velocity reaching the electroplating workpiece in order to minimize the effect of inlet electrolyte jets and to improve the tertiary current distribution [31]. The square cross-section of the filaments and the dimensions of the mesh were tailored specifically for compatibility with the available computational power for a CFD simulation of the fluid flow of the electrolyte in the cell using COMSOL Multyphysics® (COMSOL Inc.). Indeed, very fine turbulence promoters presently require intensive processing resources which can result in the need for long times, fast processors and large computer memory.   

Future developments can be expected, as it has been shown that inert porous meshes and other geometrical matrixes can be 3D-printed for the study of fluid flow in flow cells. These include experimental approaches on fluid flow theory [44], flow transitions [45], mass transport coefficients [46] and pressure drop [47]. 3D printing of much finer turbulence promoter meshes and their hydrodynamic and electrochemical simulations are in progress. 

5. 3D printing and surface finishing
Over the last decade, 3D printing has helped transform fast prototyping of metal components in manufacture as well as the production of specialized functional components. Its benefits include convenience, control and versatility. If an appropriate printer is chosen and efficiently operated, 3D printing can be cost effective and minimise wastage of materials. However, limitations include a restricted availability of materials in a suitable form for use as a feedstock and lack of familiarity with this fast-growing technique. The surface properties offered by components (e.g., morphology, porosity and presence of oxides) is sometimes poorly characterised, with a view to further surface finishing, e.g. pre-treatment and coating of nickel [32] and platinum [35]. While the integration of surface finishing and 3D printing to efficiently produce coated components has begun, much progress is possible in this fast-developing field.

3D printing of conductive and non-conductive materials can be followed by integration of (wet or dry) surface finishing stages, including electroplating of metals, polymers and composites, anodising of metals, sol-gel, electrophoretic or electrostatic polymer coating [48]. Such finishing can facilitate decoration of the surface of the component with ordered, templated or random nanostructures, including hierarchical and biomimetic materials, as considered elsewhere [49-51]. Both functional and decorative coatings are possible.

In the field of surface finishing, 3D printing is not restricted to coatings on workpieces. It can also be used to manufacture innovative experimental arrangements and supports. Recent work has demonstrated the approach described here to construct a rectangular section flow channel, model fluid flow and current distribution, then use of the flow cell to deposit nickel on mild steel from a Watts nickel bath [31]. In this case, the workpiece was not 3D printed but the flow cell where coatings samples were produced, as shown in Figure 5b). Examples of nickel coated steel cathodes at different current densities are presented in Figure 5c). The uniformity of the coating was studied by determining the thickness of the deposits by SEM imaging of cross-sectional cuts, an example being provided in Figure 5d). The flow cell is intended to be used in the study of codeposition of nickel along polymer and ceramic particles [19]. It can be expected that 3D printing will offer creative solutions through many indirect applications in surface finishing.

6. Summary
1. Digital imaging of structures via, e.g. computed tomography can be combined with on-screen, digital design (via computer software). Following desired modifications, data can be sent to a 3D printer. This approach can provide, a fast, flexible, cost effective and attractive route to manufacture of prototype electrodes and cell bodies.
2. This paper illustrates the success of a ‘virtuous cycle’ of design-image-manufacture to realise porous metal electrodes (such as mesh and foam) together with polymeric cell compartments containing rectangular section flow channels for energy conversion, electrosynthesis or specialised surface finishing.
3. It is important to realise that the above approach can facilitate automation but adequate control of the process by artisans, at all stages, is a key criterion for success in efficient production of components and devices.
4. The versatility of 3D printing can be extended by the preparation of biomimetic and nanostructured materials as well as the surface finishing of porous, 3D metal electrode structures.
5. In the case of electrochemical flow cells, the design-image-print cycle may also be used to:
a) reverse engineer an existing cell in order to appreciate its design features,
b) improve the features of an existing cell,
c) integrate existing or novel components, such as porous 3-D electrodes, or
d) design improved manifolds or flowfields.
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Table 1. Design brief for a 3D printed laboratory flow cell prototype.
	Parameter
	Symbol
	Value

	Projected geometrical area of each electrode
	A
	24.0 cm2

	Length of electrodes in the direction of flow
	L
	6.0 cm

	Breadth of negative electrode half-cell flow channel
	B(-)
	4.0 cm

	Breadth of positive electrode half-cell flow channel
	B(+)
	4.2 cm

	Nominal interelectrode gap
	x
	0.7 cm

	Height of negative electrode flow channel (including gaskets)
	S(-)
	0.6 cm

	Height of positive electrode flow channel (including gaskets)
	S(+)
	0.95 cm

	Cross sectional area of negative electrode flow channel 
	Ax, (-)
	2.4 cm2

	Cross sectional area of positive electrode flow channel 
	Ax,(+)
	3.99 cm2

	Aspect ratio of negative electrode flow channel 
	 (-)
	0.15

	Aspect ratio of positive electrode flow channel 
	 (+)
	0.23

	Hydraulic diameter of negative electrode flow channel
	de, (-)
	1.043

	Hydraulic diameter of negative electrode flow channel
	de,(+)
	1.549

	Dimensionless length of negative electrode flow channel
	Le (-)
	0.174

	Dimensionless length of positive electrode flow channel
	Le (+)
	0.258

	Mean linear flow velocity of electrolyte
	v
	1-10 cm s-1

	Volumetric flow rate of electrolyte in negative electrode channel
	Q(-)
	2.4-24 cm3 s-1
9-86 dm3 h-1

	Volumetric flow rate of electrolyte in negative electrode channel
	Q(+)
	4-40 cm3 s-1
14-144 dm3 h-1





Figure captions
Figure 1.	The concept of a cyclic process involving digital design, imaging and manufacture of components and devices. -CT: microcomputed X-ray tomography.
Figure 2. 	A design demonstrating the principle of a 3D printed electrolyte flow cell including electrode frames, endplates and electrode feeder connections. a) 3D printed flow cell in ABS polymer having nickel foil as anode and cathode. b) CAD drawing of the 49 cm2 flow channel within the flow cell. c) Limiting current for the reduction of 0.001 mol dm-3 potassium ferricyanide in 1 mol dm-3 K2CO3 at the cathode of the cell for different electrolyte mean linear flow rates: A = 2.04 cm s-1, B = 4.08 cm s-1, C = 6.12 cm s-1, D = 8.16 cm s-1, E = 10.20 cm s-1.
Figure 3. 	An early flow cell prototype going through different design iterations by its 3D printing in ABS. a) Non-functional rapid prototype of electrode frame and flow channels. b) Improved working prototypes of flow channels with incorporated flow frames. c) CFD simulation of electrolyte flow velocity within the flow channels showing the effect of the flow distributor design on flow distribution in the electrode compartment. 
Figure 4. 	3D printed stainless steel flow-through porous electrodes for electrochemical flow cells consisting of intersecting spherical open cells in square packaging configuration with integrated current collectors. a) An electrode of 1.8 mm thickness. b) An electrode of 1.0 mm thickness. c) SEM image for the 1.8 mm open cell diameter case. d) SEM image of the 1.0 mm open cell diameter case.
Figure 5.	3D printed flow cell for the electrodeposition of nickel on mild steel. a) Machined electrode frame featuring a polished steel cathode and 3D printed turbulence promoters. b) 3D printed electrode frame in an ABS-like material. c) Samples of nickel coatings on mild steel cathodes obtained at different current densities at a mean linear flow rate of 12.7 cm s-1. d) SEM analysis of the thickness of the nickel deposit.
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