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Electrodeposition of platinum on 3D-printed titanium mesh to produce tailored, high area anodes
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Abstract
Versatility and convenience of 3D printing can be used to produce tailored metal mesh electrodes, which offer a high volumetric area and good gas release properties for applications in electrochemical technology. In this work, a titanium mesh with 20 ppi triangular pores was designed and then manufactured by 3D printing. A thin coating of platinum with strong adhesion was then applied by electrodeposition in a solution of hexachloroplatinic acid in HCl at 90 °C. For this, a current of 0.1 A, corresponding to a current density of 0.92 mA cm-2, was applied for 60 min. to the workpiece, which was etched in 10% w/v oxalic acid at 80 °C. Compact, adherent and silver-grey platinum deposits, 0.16 m average thickness and 0.33 mg cm-2 Pt loading, were obtained. The product can be used as inert anode in nickel plating baths and as porous electrode in organic electrosynthesis or cerium-based flow batteries.
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Introduction
Platinum is a very inert metal in many electrolytes and continues to enjoy use as an electrode surface in electrochemical technology, despite its high cost. Uses include oxygen evolution in electrolysis [1-3], anodes in electrodeposition [4-6], impressed current cathodic protection anodes [7], speciality organic synthesis [8], and cerium ion redox reactions for mediated electrosynthesis [9] or redox flow batteries for energy storage [10,11]. In such applications, thin platinum coatings on corrosion resistant substrates are attractive, since platinum surfaces fulfil the demanding requirements of inert electrodes in electrochemical synthesis and industrial processing [12,13], which include: a) chemical stability, b) physical robustness, c) wear and corrosion resistant, and d) catalytic to desired reactions. In surface finishing, platinised titanium mesh anodes [14] are used as oxygen evolving anodes during, e.g., electroplating of nickel from acid baths [6,15].

Titanium has been a favoured substrate, having strength and high corrosion resistance, despite its limited electrical conductivity (approx. 2.5 × 104 S cm-1 at 20 °C [16]). In addition to plate electrodes, perforated and louvred plates, meshes [14] and felts [17] have been used due to their lightness, high volumetric area, facility to release evolved gases, the ability to minimise ohmic drop in the electrolyte, lightness, the ease of handling a one-piece structure and ease of making electrical connections. The deposition of platinum overcomes the limitations of titanium when it forms passive oxides or hydrides on its surface.

Titanium may be coated with platinum (electrical conductivity: 9.5 × 104 S cm-1 at 20 °C [16]) using a wide range of chemical, thermal or vapour phase techniques. Electroplating is often preferred due to its degree of thickness control and its ability to cover profiled shapes. The ratio of real to geometric area, i.e., the roughness factor, of platinum surfaces can be substantially increased (e.g., <2000) by platinising [18], which electrodeposits a finely divided layer of platinum black. Reviews of platinum electroplating have considered progress in industrial electrochemistry [19], new generation complex baths [20] and the chemistry of complexed electrolytes [21]. The typical platinum coating thickness varies from 1 m in short term laboratory studies via 20-30 m for cathodic protection anodes through to 100 m for long term synthesis in aggressive electrolytes at high current density.

3D porous metal electrodes offer a high volumetric area and moderate electrical conductivity [22]. Mesh features offer a low pressure drop in flow cells [23] and the ability to custom design the thickness, mesh size, strand size and profile. A robust, one-piece substrate facilitates gas release while providing a reasonable active surface area. Commercial metal meshes, such as Expamet [24], have become common for off-the-shelf materials for industrial applications. However, 3D printing offers considerable versatility, convenience, speed, control and the ability to deliver tailored forms of metal mesh [25,26], and could be advantageous in specialized or innovative applications. Both laser sintering of metal powder (as in the present study) and wire feeds are possible, with thermal post treatment, depending on the printer model.

Titanium provides a strong, corrosion resistant substrate but its tendency to form hydrides and passive surface oxides, together with its limited electrical conductivity restricts its use in electrochemistry without a catalytic or protecting coating [1,27]. Commercial platinum electroplating is specialised and many electrode suppliers prefer to market ready-coated titanium substrates or a service that cuts the mesh to size, pre-treats it and platinise it. 

The present contribution describes the convenient and flexible 3D printing manufacture of tailored titanium alloy meshes, followed by platinum electroplating. The stages involved in the process are shown in Figure 1. 

Experimental details
3D printing of titanium mesh
The 3D printed titanium substrates were manufactured by an external supplier (Proto Labs Ltd., UK) using the laser sintering technique from a Ti-6Al-4V alloy powder feedstock at a 20 micron layer resolution. A 3 mm thick titanium mesh containing regular 0.31 mm triangular pores at a pitch of 0.31 mm, designed with CAD drawing was produced, providing a linear pore grade of 20 ppi and a designed volumetric porosity of 0.79. The circular disc workpieces had a diameter of 36.0 mm and thickness of 3.0 mm, see Figure 2a). They incorporated a porous region of 29.0 mm diameter, formed by a body centred cubic arrangement of equidistant, intersecting pores. As shown in Figure 2b), the shape of each void space was an equilateral triangular prism, having a side length of 1 mm. The pores were separated by a distance of 0.13 mm. The nominal, CAD area of the porous section was 94.3 cm2, the real estimated to be 109.2 cm2 (15.8% larger) by X-ray computed tomography for an isotropic resolution of 0.019 mm per voxel (three-dimensional discrete element found in the digital representation of a scanned object) and a ‘ISO50%’ threshold condition. X-ray computed tomography and image post-processing were performed using a Nikon/Xtek HMX equipment (Nikon Corp., Japan) and the software suite VG Studio MAX v.2.1 (Volume Graphics GmbH, Germany), respectively.



Surface pre-treatment of titanium
In order to avoid corrosive etchants based on, e.g., boiling HCl or HF and hydrogen peroxide [28], while providing effective oxide film removal, an oxalic acid solution was chosen [29]. The titanium substrate was degreased, deoxidised, cleaned and etched using the following procedure:
a) 5 minutes in acetone at 22 °C,
b) 5 minutes in 10 mol dm-3 NaOH at 22 °C,
c) 2 minutes in 6 mol dm-3 HCl at 22 °C,
d) 45 minutes in of 10% w/v oxalic acid at 80 °C,
e) copious rinsing in deionised water.

Platinum electroplating 
A 250 cm3 beaker was used as a cell, as shown in Figure 3. The 200 cm3 electrolyte contained 0.05 mol dm-3 (20 g dm-3) hexachloroplatinic acid in 8.2 mol dm-3 HCl at 90 °C [19], being continuously agitated by a central located 2 cm long, 5 mm diameter, PTFE coated steel magnetic stirring bar rotating at approx. 150 rpm at the bottom of the beaker. A 5.2 cm diameter, 2.0 cm height cylindrical mesh Pt/Ti anode was used. The electrodes were mounted vertically, with the 10 cm2 circular disc-shaped cathode mesh in the centre of the anode. The anode-cathode gap ranged from 1.2 cm to 2.7 cm. Platinum wire was used to make electrical contact with the electrodes. A constant current of 0.1 A, corresponding to a current density of 0.92 mA cm-2, was applied for 60 minutes using a steady direct current power supply QL355T (Thurlby Thandar Instruments Ltd. UK). The titanium mesh was electroplated ‘live’, i.e., the power supply was preconnected and set to deliver current as soon as the cathode entered the bath.

Results and Discussion
3D printed titanium mesh substrate
The 3 mm thick, titanium mesh is shown in Figure 4a), together with its surrounding, integrated current collector. An SEM image, Figure 4b), shows the periodic arrangement of interconnected triangular pores. The limited resolution of the laser sintering manufacture introduced irregularities in the struts and walls between each individual cell (arising from protruding droplets of fused metal, as it is often the case [26]). The resulting quality of the mesh features was considered adequate for the intended applications. 

3D printing is a versatile technique that facilitates the manufacture of tailored metal meshes having a controlled thickness (e.g. 0.5 mm - 6 mm), pore size (0.1 mm - 5 mm), pore shape (e.g., circular, oval, square, rectangular, rhomboidal or hexagonal), pore spacing or pitch (often stated in terms of pores per linear inch, e.g. 10 - 100 ppi) and arrangement of pores (regular, including close packed, or random). The volumetric porosity for these ppi grades is typically in the range 50 - 90%. However, this manufacturing technique is limited by the achievable spatial resolution of the features, deviation from tolerances due to residual thermal stresses, microporosity and the need for scaffolding [26], although the latter is less relevant to structures of these size. Indeed, earlier tests showed that a 30 ppi triangular geometry was unsuitable for manufacturing with the current technology at our disposal, due to the requirement of a very high resolution. 
Platinum electrodeposit
The oxalic acid etching pretreatment [29] and live plating procedure proved effective in facilitating an adherent deposit. As exposed in Figure 4c), a smooth and compact platinum coating, which was adherent to the titanium substrate, was obtained on the titanium mesh disc. Figure 4d) shows relatively compact platinum deposits on the triangular pores. The estimated thickness of this layer was 0.16 m in average, with an expected variation of <10% over the titanium surface. The desired reaction of platinum deposition from the Pt(IV) hexachloroplatinate complex is:
	PtCl62- + 4e-  ⇄  Pt + 6Cl-							(1)
The deposit thickness was calculated from Faraday’s laws of electrolysis, the estimated cathode current efficiency for electrodeposition being 20%, as for the same bath at 10 mA cm-2 [19] and assuming a platinum density of 21.45 g cm-3 and molar mass of 195.08 g mol-1. Copious hydrogen evolution was visible at the cathode as a side reaction:
	2H+ + 2e-  ⇄  H2								(2)
As shown in Figure 5a, the compact deposit was silver grey in colour, adherent and crack-free below a scale of 10 m, see Figure 5b), in accordance with Baumgartner and Raub [19]. Assuming uniform deposition, the platinum loading on the titanium surface can be estimated from Faraday’s laws of electrolysis as 0.33 mg cm-2. The platinum deposit became roughened for features over 10 m, partly due to the titanium erosion during etching. Deposits from other electroplating baths, such as tetrammineplatinum(II) ones can offer improved deposit morphology [30].

Higher cathode current efficiency (<70%) and faster plating rates (<40 m hour-1) can be achieved in alkaline chloroplatinate, featuring hydroxy chloroplatinate species [30] and other complex baths such as those based on ‘P’ and ‘Q’ salts [18,30]. In this contribution, an acid hexachloroplatinate bath was favoured due to its simplicity, stability, experience and moderate cost. The bath induces high nucleation for deposition, which tends to prompt good growth, favouring good coverage. Moreover, the complexed, highly acidic conditions help to minimise reformation of surface oxides on the titanium and hydrogen evolution continuously scours the surface during electroplating.

Conclusions
1. A uniform porosity titanium alloy mesh was conveniently produced by laser 3D printing using a powder fed device capable of 20 m resolution. 
2. The 3 mm thick mesh had a uniform distribution of triangular pores at a pitch of 0.13 mm, providing a linear porosity grade of 20 ppi; the shape of each void space was an equilateral triangular prism of 1 mm side length. 
3. Following etching in 10% w/v oxalic acid at 80 oC for 45 minutes, the mesh was electroplated at 0.92 mA cm-2 to achieve a 0.16 m coating of platinum, at a current efficiency of approx. 20%, from a gently stirred acid hexachloroplatinic bath at 90 oC. 
4. The compact, adherent platinum deposit provided complete coverage and was crack-free. The average platinum loading was 0.33 mg cm-2.
5. This versatile manufacturing and surface finishing process is capable of producing tailored metal meshes coated with a controlled deposit of platinum to achieve robust, corrosion resistant mesh anodes for electrochemical synthesis, energy storage in redox flow batteries and industrial processing on a laboratory and pilot scale.
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Fig. 1. The stages involved in the production and platinum electroplating of a porous, 3D printed titanium mesh electrode.
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Fig. 2.	3D printed titanium mesh. a) CAD drawing of the disc and current collector, and b) the geometry of intersecting triangular pores.
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Fig. 3.	Experimental arrangement for electroplating platinum from an acid solution.
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Fig. 4.	3D titanium mesh surface before and after electroplating, showing the regular arrangement of triangular pores. a) 3D printed titanium mesh, b) SEM micrograph of the bare titanium pores, c) 3D printed platinized titanium mesh, and d) SEM micrograph of the platinum coating on the pores.
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Fig. 5.	The surface of a platinum electroplated 3D titanium mesh. a) Photograph of the platinized titanium triangular mesh, b) SEM micrograph of the edge of a triangular pore.
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