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Abstract
Thermal spray coatings have the advantage of providing thick and functional coatings from a range of engineering materials. The associated coating processes provide good control of coating thickness, morphology, microstructure, pore size and porosity, and residual strain in the coatings through selection of suitable process parameters for any coating material of interest. This review consolidates scarce literature on thermally sprayed components which are critical and vital constituents (e.g., catalysts (anode/cathode), solid electrolyte, and transport layer, including corrosion-prone parts such as bipolar plates) of the water splitting electrolysis process for hydrogen production. The research shows that there is a gap in thermally sprayed feedstock material selection strategy as well as in addressing modelling needs that can be crucial to advancing applications exploiting their catalytic and corrosion-resistant properties to split water for hydrogen production. Due to readily scalable production enabled by thermal spray techniques, this manufacturing route bears potential to dominate the sustainable electrolyser technologies in the future. While the well-established thermal spray coating variants may have certain limitations in the manner they are currently practiced, deployment of both conventional and novel thermal spray approaches (suspension, solution, hybrid) is clearly promising for targeted development of electrolysers.  
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1. [bookmark: _Hlk110889984]Introduction
The continually evolving hydrogen generation sector is expected to be a 160 billion USD market by 2026.[1] Rapid advances in this critical area of energy generation are enabled by the commitment of various governments (COP26 agreement) aiming to achieve net-zero emissions in view of the issue of climate change, the world is facing today.[2] As per a recent report by the International Energy Agency (IEA),[3] there has been a significant expansion in the number of projects and installed electrolyser capacity (from <1 MW in 2010 to more than 25 MW in 2019). Also, there has been a significant and steady increase in project sizes from <0.5 MW in the early 2010s to 6 MW in 2017-19, with much larger 10 MW (in Japan) and 20‑MW (in Canada) projects also currently under construction. Many other worldwide announcements targeting to develop hundreds of MWs have recently been reported.[4]
Overcoming current challenges related to production (as well as transportation and storage) are key to future rapid expansion in hydrogen value chain. As shown in Figure 1, there are seven major types of water-based electrolyser technologies that can be used for hydrogen production: (i) proton exchange membrane electrolysis (PEME), (ii) anion exchange membrane electrolysis (AEME), (iii) alkaline water electrolysis (AWE), (iv) solid oxide water electrolysis (SOWE), (v) thermochemical water splitting (TWS), (vi) photolysis water splitting (PWS), and (vii) photoelectrochemical water splitting (PEC). Generally, configuration of electrolysers contains a catalyst and transport layers. To accurately assess the suitability of any catalyst, transport layer, and housing (in electrolyser) for hydrogen production, innovation in materials and manufacturing routes for its production is vital. There is a growing pressure of not to rely only on traditional materials and methods to manufacture catalysts and electrolyser housings which offers new opportunities to investigate agile alternatives for exploring the electrode space to maximise conductivity while minimising the corrosive environment of various components within the electrolyser. Criticality assessment has been recently proposed[5] to identify materials in water electrolysers keeping in view the possible future supply constraints.
Electrodeposition, thermal decomposition, electroless plating, pressing, and sintering are some of the traditional catalyst manufacturing routes for electrolysers. However, due to considerable disadvantages associated with such traditional routes (e.g., low mechanical stability, time-consuming processes, undesired decomposition reaction, phase transformations, etc.), alternative manufacturing routes for electrolysers involving coatings offers promise on the scale of a cost-effectiveness and large-area scalability. Various coating manufacturing methods, e.g., physical: physical vapour deposition, dip-coating, spin-coating, casting, filtration, lay-by-layer assembly, thermal spray; and chemical: coupling agents, sol-gel method, chemical vapour deposition, surface grafting, in-situ growth, electroless plating, electroplating can be used to produce functional catalytic membranes.[6] Among these coating routes, thermal spray process continues to remain a preferred industrial route for its cost advantages and reliability. Thermal spraying is a robot guided coating deposition technique where feedstock materials (in a molten or semi-molten state) are sprayed on a substrate to add/improve new functionality to the substrate. There is a desire to develop a facile manufacturing method for electrolyser components that can be scalable for affordable mass production and nearly all variants of the thermal spray technology reflected in Figure 1 meet this requirement. Within the thermal spray family, several process-related variant exists (e.g., gas temperatures and velocities that provide the driving force for heat up/melting and acceleration of the droplets/particles (3000 °C to 15000 °C at 50 m/s to 1000 m/s velocities: arc, flame, plasma, high-velocity oxy-fuel, detonation spray, cold spray, etc). While at relatively low temperature (e.g., up to 800°C at 200 m/s to 1000 m/s velocities; cold gas dynamic spraying), wherein kinetic energy rather than thermal energy plays an important role in coating formation.[7] Thermal spray coatings are usually thicker (few microns to mm thicknesses) and can be cost-effective for a broad range of engineering materials (e.g., metal, metal alloys, metal oxides, semiconducting oxides, carbides, ceramics, cermet’s, rare earth elements, carbon-based polymers, and polymeric composites). This has enabled thermal spray techniques to become an integral part of the aviation, transportation, power generation, chemical and biomedical industry of worth 7.6 billion USD.[8] Apart from the immense versatility, thermal spray technology also possess the capability to deposit structured/patterned surfaces with tailored  microstructure which can enhance catalytic properties for producing hydrogen gas.
Thermal spraying technology enables maintaining the materials performance across demanding environments, for instance to enhance the service life of components as well as their performance. For example, a well-established application necessitating elevated temperature protection of the gas turbine structural parts involves deposition of a multilayered thermal barrier coating (TBC) configuration comprising of porous zirconia based ceramic top coat – dense Ni based alloy intermediate bond coat applied over super alloy substrates[9]. Over years, there has been a significant process in the way how thermal spray is performed to obtain the right micro-architecture. Inspired from these advancements, novel material combinations and composite microstructures can be explored for efficient electrolysis to produce hydrogen – which was the core remit of this review. 
This review examines the potential of thermal spray to manufacture electrolyser components (mainly catalysts, transport layer, including manufacturing of protective layers against corrosion), thus summarising state-of-the-art and future directions in the area. As will be seen through this review, various properties and functional attributes of thermal spray coating materials have been investigated in the past, with a focus to achieve water splitting and corrosion resistant properties based on their microstructure as well as composition. In this review, the potential influence of coating manufacturing schemes, microstructure and their composition on the electrolytic performance of the thermally sprayed electrodes has been assessed, with special attention paid to the considerations for future thermally sprayed materials for hydrogen production through water splitting. 
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Figure 1. Applications of thermal spray coating processes to deposit layers in various electrolyser technologies which could help in water splitting leading to hydrogen production (note: there are multiple other manufacturing routes which is beyond the scope of this review, authors original image). 



2. [bookmark: _Hlk110890001]Design-to-manufacture approach in thermal spray coatings
Depending on the electrolyser types and operational requirements, the design of components can be undertaken for achieving the desirable functional properties, although, the task is not straight forward. Few approaches to achieve this can be through tailoring of thick or thin layer, porous or non-porous/dense layers, electrical conductive, thermally conductive, ion conductive, pore size (nano/micro)  and low environmental degradation (e.g., in alkaline), corrosion resistant, high flexibility, lightweight, high strength and cost-effective commercial feasibility. This could also include enhanced mechanical strength such as hardness, fracture toughness, ductility, and yield strength. A range of materials with desirable catalytic properties can be used (e.g., materials such as metals, metal alloys, metal oxides, semiconducting oxides, carbides, ceramics, cermets, rare earth elements, carbon-based polymers, and polymeric composites). Such materials could be deposited through thermal spray techniques on various substrate material types (e.g., metals, ceramics, polymeric and non-polymeric composites, glass, etc.). 
The definition of thermal spray technology is quoted as “thermal spraying comprises a group of coating processes in which finely divided metallic or non-metallic materials are deposited in a molten or semi-molten condition to form a coating”.[10] Many industrial applications are surface engineered using spray deposition, not only for the surface coating applications but within the manufacturing of new materials with advanced functional properties. They are widely used within various industries (e.g., aerospace, agriculture, automobile, architecture, biomedical, decoration, maritime, metal working, papermaking and printing, electronics, petrochemical, geothermal, construction, space technology, nuclear, various utilities, sports, offshore, refineries, railroad, etc.) due to the fine microstructure in the finish that improves protective and aesthetic properties. 
There are different methods of thermal spray techniques, with the general process involving mass and energy transfer through the spraying gun in form of gases and powders. High temperatures/high velocities allow the molten particle stream to coat the substrate as required.[11] Some methods such as flame spray or oxy/acetylene combustion spray uses a welding torch with the addition of high-velocity air streams to properly melt particles onto the surface. Plasma spray is another process where inert gas is fed past an electrode which causes the ‘plasma’ state of the gas. When this gas exits the nozzle and returns to its normal state, a large amount of heat energy is released. Ceramic coatings are most often applied using this method due to their high melting temperatures. 
High-velocity oxy-fuel (HVOF) is a well-known technique to produce coatings of metals and ceramics with better mechanical properties such as abrasion and wear resistance and electrical and thermal insulations. The maximum temperature in HVOF processes is around 3000 K while in plasma spray processes, it can reach 10000 K, however in many cases, the temperatures are often found to be between 1000 K and 1300 K.[12] High-velocity air-fuel (HVAF) is another variant of thermal spray techniques which offers improved coating characteristics coupled with increased productivity than HVOF. With further reduction in particle temperature and increased particle velocity than HVOF sprayed equivalents, HVAF technique even allows thin, dense cermet and alloy coatings that are desirable for enhanced oxidation & corrosion protection. Figure 2 shows a schematic of the thermal spray process[13] and Figure 3 shows range of spray particle temperature and velocity achievable by thermal spray processes.[14, 15] 
To improve the quality and efficiency of thermal spray processes, it is necessary to optimise all relevant parameters, such as gun design, fuel/oxygen ratio, gas jet formation, the position of the substrate, particle size and shape. Carrier gas flow needs to be optimized to get the correct dwelling time of the particle in the melt stream. Density, particle size and morphology of the powders would define how much of carrier gas flow is needed to get a coating with high deposition efficienty, low or no unmelts, high or low porosity. The particle characteristics depend mainly on the temperature and velocity of the spray system in use.[11] The authors also suggest that although the temperature is arguably the main factor affecting the coating, it also strongly depends on the preparation of the substrate surface, the standoff distance, the angle of impingement, the relative velocity, and the spray pattern. The surface is cleaned, roughened, and then cleaned again before spraying, otherwise, the coatings may not properly adhere to the substrate. 
Though there are challenges associated with the application of finer feedstock for thermal spraying,[16, 17] over the last decade, there has been desire to consider nano- or sub-micron sized powders as thermal spray feedstock materials. Principally, these nano- or sub-micron sized powders are characterized by poor flowability can be challenging to thermally spray using conventional techniques (e.g., APS, HVOF). Their relatively low momentum during spraying also precludes controlled powder delivery by the inability of the nano- or sub-micron sized powder particles to penetrate high velocity gas streams that are a hallmark of virtually all industrially exploited thermal spray variants.[18] 
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Figure 2. Thermal spray process schematic diagram (reproduced under the terms of the Creative Commons CC BY license).[13] Copyright (2019), Springer Nature.
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Figure 3. Thermal spray map based on process particle velocity and flame temperature attainable in different thermal spray techniques (note, APS: air plasma spray, VPS: vacuum plasma spray, LPPS: low pressure plasma spray, HVOF: high velocity oxygen fuel, D-gun: detonation gun, CGS: cold gas spray) (reproduced under the terms of the Creative Commons Attribution license).[14] Copyright (2011), MDPI.

Meanwhile, two variants of thermal spray involving use of liquid feedstock, i.e., suspension plasma spray or SPS, and solution precursor plasma spray or SPPS have been extensively investigated recently.[8, 19, 20] The use of a suspension comprising of finer particles in a suitable liquid medium, or of a solution of precursor salts that can lead to particle generation in-situ, has been conceived primarily to address the flowability limitations.[21] Liquid feedstock based spraying has attracted greater interest due to its ability to spray fine structured coatings.[20] The process can be integrated with the conventional powder based infrastructure through appropriate choice of feedstock injection systems which allows the use of either suspension or solution precursor based feedstock. The significant advantage with both processes originates from the ability to deposit thinner lamellae that can be transformed into thin as well as thicker coatings with diverse microstructural features.[19] Suspension spraying process requires a stable suspension feedstock comprising of nano- or sub-micron sized particles formulated with a suitable solvent. Whereas, solution precursor spraying allows in-situ synthesis and subsequent consolidation of fine sized deposits in a single step, by employing appropriate precursors.[22] Although plasma spray is widespread spray variant for liquid feedstock, the use of HVOF based suspension spraying also shown interesting coating characteristics.[23] Further, the advent of axial injection based plasma spraying allowed more effective utilisation of suspensions at relatively higher deposition rate and tailored microstructure has generated strong academic and industrial interest.[20] Solution precursor plasma spraying (SPPS) process opens up new avenues for developing compositionally complex functional oxide coatings. In fact by means of hybridizing with powder injection system, it even allows depositing composite metal/alloy/ceramic plus ceramic films as well. Major benefits of the SPPS and hybrid APS plus SPPS process are (i) ability to create fine-sized/bi-modal type of microstructures, (ii) flexible, rapid exploration of novel precursor compositions and their combinations, (iii) better control over chemistry of the deposit. Specifically, the hybrid approach allows realisation of unqiue microstructural features having (i) layered architecture through alternate injection of liquid and powder feedstock, and (ii) composite coatings through simultaneous injection of liquid and powder feedstock.[19] More recently, the possibility of utilising a powder-liquid ‘hybrid’ feedstock has also been demonstrated and found to be an effective pathway to create unique, function-dependent coating architectures.[20, 24] 
The line-of-sight thermal spray coating methods are easily scalable for industrial applications. However, for coating of critical and vital constituents in electrolysers, the thermal spray routes can also pose following potential challenges: (a) thermal spray can be a very costly technique for spraying precious noble metals as catalysts due to significant wastage of materials during spraying, (b) retention of nanostructures, which is an important consideration to improve  the efficiency of catalytic reaction, can be difficult to control in low melting point materials due to overheating, (c) materials highly prone to oxidation are difficult to deposit in pristine condition due to possible alteration in the surface chemistry as a result of in flight oxygen pick up; however, this can also be advantageous as surface chemistry changes can be highly effective to alter the catalytic efficiency, and (d) retaining the core-shell morphology is difficult during thermal spraying since the high velocity impact of materials on the substrate can burst the core-shell structure.
Notwithstanding the above, the advantages of using thermal spray coatings for critical and vital constituents in electrolysers are compelling and span the following: (a) convenient laboratory-to-industry scale up for production, (b) ability to deposit low-cost transition metal element alloy catalytic materials, (c) suitability to create nano structuring/ nanopatterning over the electrode surface, and (d) enhanced catalytic activity through increased surface area by means of pores, voids and splat boundaries. Moreover, advances in thermal spray technology and their improved understanding has helped oversome some of the previously mentioned challenges, such as ability to retain nanosctructures and/or suppress in-situ oxidation. This makes thermal spray routes apt for serious consideration for fabricating electrolyser components.
In electrolyser applications, two aspects are particularly important for component fabrication: (a) choice of material, and (b) structure of the deposited layer. There is considerable control over both of the above if using the thermal spray technique. As it is known today, the thermal spray processes could provide a cost-effective manufacturing route to deposit complex material compositions not only as an overlay coating but also as free-standing coatings.[25] This route also provides the ability to control the porosity and structure, e.g., metasurface.[26] Figure 4 show air plasma spraying (APS) of anode layer on disc shaped test coupons at thermal spray booth.[27] 
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Figure 4. Air plasma sprayed (APS) samples getting sprayed at thermal spray booth (inset - disc shaped 10 samples, Monitor Coatings Ltd) (Faisal et al., 2015, reproduced with permission).[27] Copyright (2015), Springer Nature.

3. [bookmark: _Hlk110890015]Hydrogen production
3.1 [bookmark: _Toc104116050][bookmark: _Toc104116183]Hydrogen production overview
Overall, there are three ways in which hydrogen (e.g., brown hydrogen, blue hydrogen, green hydrogen) can be produced. Brown hydrogen is produced through steam methane reforming (SMR) of natural gas via an endothermic reaction.[28] Blue hydrogen is produced via a combination of SMR and carbon capture and storage (CCS), in which the carbon emissions produced are recycled by capturing and storing them. Green hydrogen is produced by electrolysis in which water molecules are splitted into hydrogen and oxygen by passing electric current.[29] 
As of now, SMR is the predominant method of producing hydrogen constituting around 95% of total production with as little as 4% green hydrogen produced from electrolysis.[30] There are many barriers that presently hinder green hydrogen production, such as considerable cost associated with the electrolysis process and the colossal challenge of scaling up production and infrastructure to meet the current global demand. Furthermore, green hydrogen production has contributed only a minor part of the total production in the previous two decades largely due to the low cost of fossil fuel-based production. With the rising demand for renewables, it is likely to lead to a reduction in the cost of green hydrogen, and high level cost analysis[31, 32] clearly suggests that green hydrogen is expected to play a significant role in achieving net-zero emissions in the future. For the development of next-generation electrolysers, enhancement in their efficiency and durability under various operating conditions would be among the most desirable features. Hydrogen production is expected to share 9.5% of the total final energy consumption in 2050, out of which 60% is projected to be green hydrogen and nearly 38% grey hydrogen.[32]  
In view of the above and to reduce dependency on fossil fuels, there is an urgent need to make rapid progress in other hydrogen generation technologies from renewable resources such as biomass and water. In this review, the hydrogen generation technologies based on water (i.e., electrolysis processes) are considered with specific focus on the application of thermal spray coatings to manufacture catalysts and other protective layers against corrosion (of bipolar plates or housing) for the electrolysers. Therefore, some basics about the catalysts and electrolysis process are presented below for a better perspective on the thermal spray requirements.      

3.2 [bookmark: _Toc91197273][bookmark: _Toc100443048][bookmark: _Toc104116051][bookmark: _Toc104116184][bookmark: _Hlk110890022]Electrolysis for hydrogen production
Figure 5 presents water splitting electrolyser technologies for hydrogen production where water is one of the feedstocks. Pure water is a limited and often valuable resource as about 96.5% of total water is seawater or brackish water, containing dissolved salts that are highly corrosive. Ultra-purified water is the main feedstock along with the catalysts for conventional electrolysers powered by renewable electricity for producing green hydrogen. One kilogram (kg) of hydrogen requires nine kilogram of water as an input from a stoichiometric perspective. However, this can range from 18-22 kg of water per kilogram of hydrogen when considering the desalination process using tap water [33] (which can further vary for brine/grey water or seawater feedstocks) considering the losses and the recovery rate of the purification process. 
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Figure 5. Water splitting electrolyser technologies for hydrogen production where water is one of the feedstocks (authors original image).

The catalyst is an agent that enhances the reaction rate (i.e., current density) without being consumed in the reaction. Electrocatalyst is a catalyst that affects the activation energy (which is related to the voltage at which a reaction occurs) of an electrochemical reaction (i.e., oxidation, reduction). As summarized by Wang et al. (2021),[34] catalysis during water-splitting electrolyser is the key to hydrogen gas (H2) and oxygen gas (O2) production in the current context. The chemical reaction of water electrolysis is divided into two half-cell reactions; namely, hydrogen evolution reaction (HER) where water is reduced at the cathode to produce hydrogen, and oxygen evolution reaction (OER) where water is oxidized at the anode to produce oxygen. Therefore, the chemical kinetics at the catalyst surface (minimizing the overpotentials) during HER and OER is critical to the production of hydrogen and oxygen. Thus, an electrolyser involves the following chemical reactions: cathode: 2H+ + 2e- -> H2; anode: 2OH- -> ½O2 + H2O + 2e-; overall: H2O -> ½O2 + H2). For an electrolysis reaction to take place, electrical (and thermal) energy is needed. As shown in the electrolyser chemical reactions, the overall energy requirement for reaction (ΔH) can be partly provided by heat (ΔQ) and other parts (i.e., Gibb’s energy change, ΔG) can be supplied through electricity (see Figure 6).[35] With increase in temperature (0–1000 °C), the overall energy demand (ΔH) varies slightly (i.e., between 283.5 and 291.6 kJ/mol H2, shown with blue dash-line). However, the heat share (ΔQ) rises with temperature, reducing the minimum electrical energy demand (ΔG) (note: heat of vaporisation of water is 41 kJ mol–1H2, and the electrical energy could be replaced by thermal energy in the order of 41 kJ mol−1 H2).[36] This suggests that, beside improved kinetics, the high heat utilisation of internal losses is a major motivation of high-temperature electrolysis (e.g., 700-900 °C).[35]  At higher temperature, the electrical potentials in the cell is typically low (indicating high ionic conductivity and low electrical resistance, leading to higher electrolysis process efficiency).  
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Figure 6. Overall energy demand (ΔH), electrical energy (ΔG) and thermal energy (Q) demand of an ideal electrolysis process as function of the temperature (note: as known generally, the low temperature electrolysers operate at 60–90 °C, whereas high temperature electrolysers operate at 700–900 °C) (Buttler and Spliethoff, 2018, reproduced with permission).[35] Copyright (2018), Elsevier.

3.3 [bookmark: _Toc104116052][bookmark: _Toc104116185][bookmark: _Hlk110890031]Operations and critical materials for water-splitting electrolyser techniques 
[bookmark: bbib127][bookmark: bbib159]Figure 7 presents existing electrolysis technologies based on membrane electrode assembly. Proton exchange membrane (PEM) electrolyser operates at low temperature range (50-80 oC) to generate hydrogen.[37] The PEM electrolyser includes two catalysts (i.e., anode and cathode) and a membrane. Typically, it uses platinum (Pt) black, iridium, rhodium, and ruthenium for electrode catalysts and a membrane (typically made of Nafion). Due to suitable mechanical properties and high corrosion resistance, titanium (Ti) is used as the base material for bipolar plates in PEM electrolysers.[5] Furthermore, titanium screens, foams or felts are used for porous transport layers (PTL) in PEM technology. As summarised by Miller et al. (2020),[37] the PEM cell operation environment which is corrosive acidic requires the use of specialised materials. To handle the high current densities at anode, these materials must sustain the high applied over voltage (2 V). Corrosion resistance applies for the catalysts, and for current collectors and separator plates. As shown in Figure 7(a),[38] in PEM electrolysers, water is introduced at the anode catalyst which then splits into protons (H+) and oxygen (O2). The protons (H+) then go through the membrane to the cathode, where they are recombined into hydrogen. Such electrolysers can have low ionic resistance, which means high currents of >1600 mA cm−2 can be achieved while maintaining efficiencies up to 55–70%.[39] Further details about PEM electrolysis for hydrogen production can be seen elsewhere.[37, 40]  
Anion exchange membrane (AEM) electrolyser operates at low temperature range (50-60 oC) and works with an alkaline environment at the membrane interface provided by the immobilized positively charged functional groups on the polymer backbone or on pendant polymeric side chains.[37, 41] As shown in Figure 7(b),[38] in AEM electrolysers water is introduced at the anode catalyst. The AEM electrolyser includes two catalysts (i.e., anode and cathode) and a semipermeable membrane through which water travels from the anode half-cell. Typically, it uses Ni and Ni alloys as cathode, and Ni, Fe, and Co oxides as anode.[37] Hydrogen is produced from water at the cathode and released via the gas diffusion layer (GDL). While oxygen is produced from anion (OH-) at the anode and released via GDL along with the electrolyte circulation, anion (OH-) moves back to the anode via the membrane. There are similarities between PEM and AEM, but the main difference is that the PEM electrolyser is less sensitive towards the drastic changes of the current loads (especially when electricity supplied is produced by renewable energy sources), it achieves higher current densities that leads to higher production rates and the system is more compact.[37] Further details about AEM electrolysis for hydrogen production can be seen elsewhere.[37, 42]  
As shown in Figure 7(c),[38] alkaline water electrolysers (AWE) operates at low temperature range (60-80 oC) and are composed of two catalysts (i.e., anode and cathode), a microporous membrane, and an aqueous alkaline electrolyte of potassium hydroxide/KOH or sodium hydroxide/NaOH.[37, 39] In AWE, there must be ions in the water to conduct electricity for electrolysis process. For anode, Ni, Pt, Co, Ir, Rh or Ni-Co alloy is used. For the cathode, low carbon steel mesh, Ni, Ni-Mo alloys or Ni coated low carbon steel is used. Other materials could be cobalt, zinc, lead, palladium, platinum, and gold.[43] For microporous membrane (to separate product gases and transport hydroxide ions, and nonconductive to electrons), high-polymer composites (e.g., polyphenylene-sulphide) are used, replacing traditional asbestos (silicate mineral). In AWE cell, water is introduced at the cathode where it decomposes into hydrogen (H2) and hydroxide ion (OH−). The OH− ion travels through the electrolytic (KOH or NaOH) to the anode where O2 is formed. AWE current density is 100–300 mA cm−2 and achieves efficiencies of about 50–60% based on the lower heating value of hydrogen.[39] Further details about the AWE electrolysis for hydrogen production can be seen elsewhere.[37, 42]
[bookmark: bbib165]Solid oxide water electrolysis (SOWE) electrolyser is based on solid oxide fuel cell (SOFC) technology which operates at high temperature between 500 °C to 850 °C.[40] The SOFC can generate electricity and can operate reversibly as a SOWE electrolyser to generate hydrogen. The SOWE electrolyser includes two catalysts (i.e., anode and cathode) and a solid oxide material (non-permeable dense layer) as electrolyte which conducts negative oxygen ions (O2) from the cathode to the anode. Some of the popular solid oxide materials (electrolyte) include yttria-stabilized zirconia (YSZ), gadolinium doped ceria (GDC) and scandia stabilized zirconia (ScSZ). For the anode, some of the popular materials are cermets (i.e., metal mixed with ceramics) such as nickel mixed with YSZ (i.e., Ni-YSZ) or chromite (La0.8Sr0.2Cr0.5Mn0.5O3 or LSCM). For the cathode, some of the popular materials are lanthanum strontium manganite (LSM) or LSM-YSZ. The operating higher temperatures increases the SOWE electrolyser efficiency by decreasing the catalysts overpotentials (i.e., anode and cathode) which causes power losses in electrolysis (Holladay et al., 2009). As shown in Figure 7(d),[44] in SOWE electrolysers water is introduced at the cathode catalyst where it splits into hydrogen (H2) and oxygen ion (O2-). SOWE operates like the alkaline system where oxygen ion (O2-) travels through the solid electrolyte leaving the hydrogen (H2) in the unreacted steam stream and can achieve high efficiencies of 40–60%. Unlike KOH solution (electrolyte) for alkaline systems, the advantage with solid electrolyte layer is that it is non-corrosive, and it does not have flow distribution problems, however sealing issues exist. Further details about SOWE electrolysis for hydrogen production can be seen elsewhere.[45]
As shown in Figure 7(e) (adapted from Naterer et al., 2019),[46] in thermochemical water splitting or TWS (thermolysis or thermal decomposition via high temperature electrolysis (HTE), e.g., at nuclear reactors[47]), heat is used to split water into hydrogen and oxygen[48] with overall efficiencies of about 50%.[49] The thermochemical cell (e.g., CuCl/HCl cycle) is composed of two catalysts (i.e., anode and cathode) and a PEM membrane (e.g., Nafion/polypyrrole and Nafion/polyaniline composite).[46]. During thermochemical cycle, when water is heated to 2000 °C to 2500 °C, part of it decompose into OH, monatomic oxygen, monatomic hydrogen, oxygen, and hydrogen.[50] As water decomposes at such high temperatures, there could be materials stability issues as well as issues related to heat sources availablity.[51] Therefore, chemical reagents have been proposed to lower the temperatures, reducing high operating temperature from 2500 °C, but typically require higher pressures.[39] Naterer et al. (2019)[46] advised that ceramics, refractory metals, Mo and Ni based alloys, graphite-based materials, and Hastelloy C can be most suitable construction materials for high temperature and corrosive environments (e.g., Cu-Cl thermochemical cycle). Alternatively, for such extreme electrolysis applications, other materials could also be considered, for example, Xie et al. (2012)[52] considered carbide/nitride materials, Wu et al. (2013)[53] considered mullite materials, Sure et al. (2012)[54] considered partially stabilized zirconia (PSZ) with graphite coatings, Kamali and Fray (2013)[55] considered graphite, Vignarooban et al. (2014)[56] considered Hastelloy C276, C-22 and N, Sellers et al. (2012)[57] considered Hastelloy N and Steel 316, and Siantar (2012)[58] considered metallic and ceramic coatings on a base metal. Various reviews on hydrogen production through thermochemical water decomposition method can be seen elsewhere.[49, 59, 60, 61, 62, 63]      
 High temperature heat of nuclear reactor can be useful to split water into hydrogen and oxygen; with additional merits, such as free from carbon dioxide, large scale, and efficient hydrogen production.[47, 64] Application of high-temperature steam electrolysis and cerium-iodine (Ce-I) thermochemical cycle,[65] iron-chloride (Fe-Cl) thermochemical cycle,[66] iodine–sulphur (I-S) thermochemical cycle,[64] and Cu-Cl thermochemical cycle, [46, 63, 67]  for splitting water by using nuclear heat source has been found to be most suitable process for hydrogen production. It has been suggested that such a thermochemical cycle can also be additionally powered by solar heat to meet temperature requirements.[62] Since thermochemical cycles operates at high temperature (sources such as solar, and nuclear) with the corrosive environment, the structural components (including electrodes) require special considerations (mainly having corrosion resistant properties). 
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Figure 7. Types of water electrolysis technologies: (a) proton exchange membrane (PEM) (reproduced under the terms of the Creative Commons Attribution license),[38] Copyright (2022), Wiley, (b) anion exchange membrane (AEM) (reproduced under the terms of the Creative Commons Attribution license),[38] Copyright (2022), Wiley, (c) alkaline water electrolysis (AWE) (reproduced under the terms of the Creative Commons Attribution license),[38] Copyright (2022), Wiley, (d) high-temperature solid oxide water electrolysis (SOWE) (authors original image), (e) CuCl/HCl thermochemical water splitting (authors original image), (f) photolysis water splitting (PWS) (adapted and reproduced with permission),[39] Copyright (2009), Elsevier, and (g) photoelectrochemical water splitting (PEC) (adapted and reproduced under the terms of the Creative Commons Attribution license)[81], Copyright (2012), MDPI. 

As shown in Figure 7(f) (adapted from Holladay et al., 2009),[39] in photolysis water splitting (PWS), sunlight (or any photon with sufficient energy, considering the seasonal fluctuations in surface water temperature (from 0 to 20 °C or more) at latitudes far from the equator (Furatian and Mohseni, 2018))[68] as feedstock with water, directly decomposes water into hydrogen and oxygen and uses selective photocatalyst semiconducting materials. Among many photocatalysts, heterogeneous metal oxides can be materials of interest due to their stability, endurance to photo-corrosion, and doping of nitrogen and sulphur atoms to reduce the band gap of the metal oxide semiconductor. The photocatalysts or material of interest could be solid solutions having Ln0.8Ga0.2InO3 (with Ln = La, Gd, Y, Yb, both undoped and doped with sulphur atoms).[69] Figure 8[70] shows a schematic of the relevant photocatalytic steps for a semiconductor photocatalyst of one-step water splitting. TiO2 is the most preferred photocatalytic material due to its appropriate valence and conduction band positions.[71] Photocatalytic process-based water splitting effect of TiO2 was discovered by Fujishima and Honda in 1972,[72] and since then photocatalysis technique has been carried out for many uses, such as water remediation, food preservation, disinfection, air treatment, and many other applications.[73, 74]  TiO2 photocatalysis has been extensively reported for water splitting leading to hydrogen production, including air and water purification systems, self-cleaning surfaces, sterilization, and photoelectrochemical cells.[71, 75, 76, 77]    
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Figure 8. Schematic of the photocatalytic steps for a semiconductor: (1) shows that the light gets absorbed to generate electron–hole pairs; (2) migration occurs of excited carriers (i.e., electrons, holes) to the surface; (3) surface reaction occurs to produce hydrogen with electrons and oxygen with holes (reproduced with permission).[70] Copyright (2013), Elsevier. 

Based on the physics of semiconductor-liquid contacts discussed by Walter et al. (2010),[78] the conversion of one H2O molecule to H2 and 1/2 O2 under standard conditions, the free energy change is ΔG = 237.2 kJ/mol, and it corresponds to ΔE° = 1.23 V per electron transferred (as per Nernst equation). Usually, semiconducting materials are selected as photocatalysts due to their narrow band gap, unoccupied conduction band and occupied valence band.[79] The photocatalysts absorb photons with energy equal to or larger than their bandgap, which results in electrons production in the conduction band (CB) and holes in the valence band (VB), which then accelerates oxidation-reduction reactions.[80] Therefore, the selected semiconducting materials must absorb radiant light with >1.23 eV photon energies (which is equal to wavelengths of about 1000 nm and shorter) and convert the energy into hydrogen and oxygen. The photocatalysis process must generate two electron−hole pairs per molecule of H2 (2 × 1.23 eV = 2.46 eV) or four electron−hole pairs per molecule of O2 (4 × 1.23 eV = 4.92 eV). To carry out hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) using electron/holes generated under illumination without recombination, photoinduced free charge carriers (i.e., electrons and holes) in the semiconductor must travel to a liquid junction and must react only with solution species directly at the semiconductor surface. The electron-transfer processes at semiconductor-liquid junctions produce losses due to the concentration and kinetic overpotentials needed to drive the HER and the OER. Considering photolysis key requirements, the photo (sunlight) interaction with photocatalyst semiconducting materials with different band gaps should be enough to split water into hydrogen and oxygen. The energy required for photoelectrolysis at a semiconductor photoelectrode is around 1.6−2.4 eV per electron−hole pair generated, to account for these losses, and therefore multiple semiconductors can be selected which can drive water splitting. 
[bookmark: bbib186]As shown in Figure 7(g) (adapted from Liao et al., 2012),[81] with sunlight as feedstock with water, the photoelectrolysis (or photoelectrochemical/PEC) process split water into hydrogen and oxygen and uses semiconducting materials like those used in photovoltaics.[39, 81] Basically, when a photon with energy greater than the semiconducting material’s bandgap is absorbed in the p–n junction, an electron is released, and a hole is formed. With the presence of an electric field, the hole and electron move in opposite directions creating an electric current. This process is called as photoelectrolysis when a photocathode (i.e., a p-type material with excess holes), or a photoanode (i.e., an n-type of material with excess electrons), is immersed in an aqueous electrolyte, but instead of generating an electric current, water splits to form hydrogen and oxygen.[39] 
Some of the recent reviews where the electrolysis process has been described in detail can be seen elsewhere,[34, 82, 83, 84] and based on high-level assessment, Table 1 presents comparison of water electrolysis technologies.

Table 1. Comparison of water electrolysis technologies. 
	Electrolysis technologies
	Advantages 
	Challenges and opportunities

	Proton exchange membrane electrolysis (PEME)
	Operates at low temperature, compact design, short cold start, high purity hydrogen production, best suited for operation with fluctuating electricity from renewable sources, near-term commercialisation.
	High-cost polymeric membranes, works in acidic environment (therefore be used to protect the electrodes from corrosion), electrodes made of noble or precious metals, higher investment cost, requires highly purified water to avoid electrocatalyst degradation. Innovation in flow channel design an area of further work. 

	Anion exchange membrane electrolysis (AEME)
	Low investment cost, sustainable technology which combines the advantage of PEME and traditional AWE electrolysis systems.
	Needs further research in membrane stability, main challenges with the low ion conductivity and long-term electrochemical stability of the AEMs (under highly basic conditions at elevated temperatures) remain.

	Alkaline water electrolysis (AWE)
	Operates at low temperature, low investment cost, does not require critical raw materials (CRM), relatively stable and long lifetime, mature technology based on the chloralkali process, currently at the commercial scale.
	Corrosive electrolyte, hydrogen crossover, slow dynamics, low-pressure hydrogen production capability, and requirements to improve durability & reliability are still challenging, not as robust as PEME, long cold start (high).

	Solid oxide water electrolysis (SOWE)
	Enhanced kinetics, thermodynamics: lower energy demands, high efficiency (over 100% if steam is freely available from excess heat), no precious metals, ceramic proton conductors has gained attention as such materials show higher ionic conductivity and better efficiency compared to that of oxygen-ion conductors at the intermediate temperature range.
	Operates at high temperature undergoing with risk of material degradation, mechanically unstable electrodes, themal mismatching of the individual layers; (cracking), safety issues (improper sealing), microstructural issues (delamination, passivation, blocking of triple phase boundary), high investment cost, currently laboratory & demonstration scale.

	Thermochemical water splitting (TWS)
	Suitable for large-scale applications, High temperature electrolysis is more efficient economically than traditional room-temperature electrolysis (some of the energy is supplied as heat, which is cheaper than electricity, and also because the electrolysis reaction is more efficient at higher temperatures), no need for electricity (in pure cycles). Recent hybrid cycles can reach a high efficiency (above 90%).
	Operates at high temperatures leading to structural degradation of the redox pairs, high investment cost, molten salt very corrosive for structural parts, overall operational conditions require special attention, not many research data available (in particular for nuclear thermochemical), currently laboratory scale. Significant research needed to develop materials and manufacturing of structural part which could sustain high temperature corrosion and nuclear radiation (contamination and degradation).     

	Photolysis water splitting (PWS)
	Simpler technology which includes direct approach to generate clean hydrogen without external electric power sources, simple set-up (requires water and suitable catalysts), the chemical reaction does not involve the use of fuel-based energy sources nor involves the generation of toxic by-products.
	Low water-splitting efficiency (usually below 1%), feasibility is limited by constraints regarding result reproducibility, operation factors, and process scalability; generation of gases (oxygen and hydrogen) occurs simultaneously in the same reactor and complicates the separation of gases. Potential to enhance surface area through metasurface design of electrode.   

	Photoelectrochemical (PEC) water splitting
	Low investment cost, sustainable technology, combines the advantage of photolysis and electrochemical systems, ecofriendly and promising technology, hybridisation of semiconducting oxides with noble metals is expected to provide the enhancement of photoelectrochemical performance. 
	Owing to a limited light gathering, energy loss related to rapid recombination of photoinduced hole–electron pairs, as well as electrode degradation, low energy conversion efficiency, and low TRL level (not ready yet for medium to large scale applications). Potential to enhance surface area through metasurface design of electrode (anode).  



3.4 [bookmark: _Toc100443050][bookmark: _Toc104116053][bookmark: _Toc104116186][bookmark: _Hlk110890045]Carbon footprint of hydrogen production via electrolysis
Even though hydrogen is a clean fuel, its production comes at the cost of environmental consequences.[36, 85, 86] Presently, most of the hydrogen is produced using fossil fuels such as natural gas and used in chemical industries or refineries.[87] The carbon footprint associated with hydrogen production can be analysed based on the life cycle assessment (LCA), which is defined in internationally recognized standards ISO 14040 (ISO, 2006)[88] and ISO 14044 (ISO, 2006).[89] LCA constitutes the emissions assessment of the entire cycle of energy production/consumption processes starting from the raw products to the final output i.e., hydrogen in this case.[90] The stages for hydrogen production which contribute to the carbon emissions are as follows: (1) resources/raw materials, (2) inter-operation transportation, (3) production, (4) purification, (5) storage or compression, (6) end-use, and (7) waste treatment during hydrogen utilisation (Figure 9). 

[image: Diagram, schematic

Description automatically generated]
Figure 9. Stages for hydrogen production which contribute to the carbon emissions (authors original image). 

In the previously studied literature,[91, 92, 93] it has been feasible to conduct the LCA analysis of hydrogen generation starting from raw-materials to its storage or compression and is termed as cradle-to-gate system boundary. Nevertheless, aiming towards sustainable and eco-friendly hydrogen production (green hydrogen) in future, a combination of renewables (solar-PV, solar thermal, wind, hydro, nuclear and bio) and emission-free methods such as electrolysis is the most favourable choice (note: bio-resources based hydrogen production is termed green only if it is through the electrolysis route, however, bio-methane reformation still has high carbon intensity and needs carbon capture and storage (CCS) integration for emission reduction). Other methods such as steam methane reformation or SMR (using natural gas) have significant emission levels and require CCS integration for emission reduction.[39] 
The wind-based electrolysis has the least global warming potential (GWP). Spath and Mann (2004)[91] estimated from the LCA of wind-electrolysis that most (~78%) of the GWP contributions come from the manufacturing and operation of wind turbines. Hydrogen storage and compression account for 17.6%, whereas 4.4% comes from the electrolysis operation. Solar technologies have a high GWP associated with the manufacturing processes. Biomass electrolysis has a higher GWP of the overall process. An important aspect while considering the GWP of green hydrogen technologies is grid integration. Without renewables, the grid-based electrolysis has an extremely high GWP (~31 kg CO2 eq/kg H2). Studies suggest that up to 90% of emissions can be reduced by replacing renewable electricity with grid electricity. Steam methane reformation of natural gas which is mostly used for hydrogen production presently has a high GWP of ~10 kg CO2 eq/kg H2, however, CO2 emissions can be reduced by ~65% by integrating with CCS.[93] Green hydrogen is expected to become cost-competitive in the future due to rising demands stimulated by the increase in renewable electricity production. Besides carbon footprint, the green hydrogen production technologies have other environmental degradation factors such as water consumption,[93] hazardous waste generation,[94] and acidification potential.[95] 
There is a need to cut carbon footprint to manufacture electrolyser catalysts and corrosion resistant protective layers. As underlined by Viswanathan et al. (2021),[86] thermal spray techniques could lead to improved productivity compared to other manufacturing processes and could also prolong parent materials’ life if appropriately designed. It has been suggested that when combined with other techniques such as additive manufacturing (AM), thermal spraying could play a key role in lowering energy consumption and feedstock material usage, thereby potentially reducing the carbon footprint which would help tackling the issue of climate change. 

4. [bookmark: _Toc91197275][bookmark: _Toc100443051][bookmark: _Toc104116054][bookmark: _Toc104116187][bookmark: _Hlk110890059]Thermal spray coatings for electrolysers 
[bookmark: _Toc76159696][bookmark: _Toc76159854][bookmark: _Toc76235080][bookmark: _Toc76286423][bookmark: _Toc76498042][bookmark: _Toc76510816][bookmark: _Toc76511470][bookmark: _Toc76660617][bookmark: _Toc76672739][bookmark: _Toc76672956][bookmark: _Toc76850058][bookmark: _Toc77807918][bookmark: _Toc79589840][bookmark: _Toc79693028][bookmark: _Toc91190476][bookmark: _Toc91190521][bookmark: _Toc91197276][bookmark: _Toc100442970][bookmark: _Toc100443052][bookmark: _Toc104116055][bookmark: _Toc104116188][bookmark: _Toc73402216][bookmark: _Toc73402315][bookmark: _Toc74354683][bookmark: _Toc74630530][bookmark: _Toc74632182]This section presents specific examples of catalysts, transport and corrosion resistant protective layers manufactured using thermal spray coating techniques and characterised for various catalytic and transport characteristics to produce hydrogen through electrolytic routes. Wherever relevant, limitations of specific thermal spray variants are highlighted to emphasize the fact that not all thermal spray techniques maybe suited to deposit every material of interest and vice-versa.[17]  

4.1 [bookmark: _Toc91197277][bookmark: _Toc100443053][bookmark: _Toc104116056][bookmark: _Toc104116189][bookmark: _Hlk110890063]Thermal spray coatings for proton exchange membrane (PEM) electrolysers
As summarised by Lettenmeier et al. (2017),[96] considering bipolar plate’s key requirements in PEM electrolysers (i.e., high currents and small contact resistances), the electrical and thermal conductivities of the plates should be appropriate. On the anode and the cathode side it should separate the gases, and should transfer current from anode to cathode side. It should also transport the produced gases. The cathode should be resistant to embrittlement and oxidation, whereas the anode should be corrosion resistant against oxygen in acidic media and voltages up to 2 V. Considering porous transport layer (PTL), current collector (CC) or gas diffusion layer (GDL) key requirements in PEM electrolysers, the layer should (i) transport electrons from the catalytic layer to the bipolar plate, (ii) transport gases produced at the electrode, and (iii) distribute water towards the electrode. The layer should (i) be resistant to corrosion for voltages up to 2 V, (ii) have suitable porosity and pore size, (iii) be mechanically stable against hydrogen embrittlement from cathode cross-over, (iv) have a low thickness for optimal removal of resulting gases, and (v) have low resistance to the anode catalyst layer and bipolar plates. On the cathode side of current collector, usage of carbon paper is the state-of-the-art technique, however fine stainless steel fibers, sintered plates and meshes can also be used. Since cathode has moderate conditions during electrolysis, based on the literature the consideration has been to develop better thermal spray coating materials for the anode only. It is known that pore size and porosity affect the electrical resistance of the current collector (i.e., with a decrease in pore size and porosity, current collector electrical resistance decreases). The porosity and pore size can be adjusted by the suitable choice of the titanium (Ti) particles with the use of sintered materials, but the possibilities for their upscaling are very limited (Lettenmeier et al., 2017).[96] On the other hand, meshes, fibers and foams are less limited in terms of thickness and shape, and also cheaper to manufacture, but pore size and porosity control are more complex.
In their pioneering work for PEM electrolyser, Gago et al. (2016)[97] and Lettenmeier et al. (2017)[96] proposed corrosion-resistant stainless steel bipolar plates (BPP) to reduce the cost of the stack. The BPP were coated with Ti/Titanium (using vacuum plasma spraying (VPS), 60 μm thick layer), and then a new 1.8 μm thin layer of Pt using magnetron sputtering on top of Ti was developed to prevent its passivation. Gago et al. (2016)[97] proposed that the Ti layer thickness could be further reduced to 30 μm to minimise the overall production costs. Lettenmeier et al. (2017)[96] proposed stainless steel BPP coated with Ti (using VPS, 50-60 μm thick layer), with a 1.5 μm thin layer of Pt using magnetron sputtering on top of Ti and evaluated properties for more than 1000 h of electrolyser operation at 1 A cm−2. These preliminary works by Gago et al. (2016)[97] and Lettenmeier et al. (2017)[96] established that thermally sprayed Ti coatings can fully protect the stainless-steel substrate (or BPP) and that the Pt surface modification can allow achieving a cell performance comparable to the baseline. 
In continuation to their previous work, Lettenmeier et al. (2017)[98] proposed the use of stainless-steel bipolar plates (BPP) coated with Nb/Niobium (using magnetron sputtering, 1.4 μm thick layer) and Ti/Titanium (using vacuum plasma spraying (VPS), 50 μm thick layer). Lettenmeier et al. (2017)[98] proposed Nb due to its superior corrosion protection properties and stable behaviour in an acid environment, including its abundance in the earth crust (like Cu, Sn or Zn). Coating analysis of the stainless-steel BPPs on the anode side of the cell indicated that the thin Nb layer can decrease the contact resistance by almost one order of magnitude (but showed cracking and delamination due to H2 embrittlement), whereas Ti coating can protect the stainless-steel substrate against corrosion, as no corrosion of the stainless-steel at the end of the test was observed. Combination of Nb/Ti-coatings onto stainless steel bipolar plates indicated promising application of such PEM electrolyser for more than 1000 h of electrolyser operation under nominal conditions (of 1 A cm−2, 6.5 × 105 Pa balanced pressure and 38 °C). It was suggested by Lettenmeier et al. (2017)[98] that such dual-layer coatings could be promising for usage in harsh environments and could reduce the cost of BPP than the state-of-the-art Ti-based ones coated with Pt or Au. Lettenmeier et al. (2017)[98] also proposed that Nb dense coating using VPS is possible as magnetron sputtering requires long deposition times and consumes significant electricity for thick layer deposition. Lettenmeier et al. (2017)[96] suggested that in VPS, the absence of oxygen during the spraying facilitates and prevents the formation of high purity semi-conductive titanium oxides (i.e., TiOx). 
As shown in Figure 10 for the PEM electrolysis, Lettenmeier et al. (2017)[96] also developed a porous transport layer of titanium (on existing titanium microporous layer) by VPS. Overall, Lettenmeier et al. (2017)[96] found that by controlling the VPS process parameters, dense and protective layers as well porous structures for use as porous transport layers can be produced. It was also possible to produce a protective and highly conductive coating for BPP. By reducing VPS enthalpy, it was also seen possible that the powder material can be partially melted for use as the porous transport layer. It was also observed that the coatings were able to improve the long-term stability of the electrolyser.  
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Figure 10. SEM images of vacuum plasma sprayed PEM electrodes: (I) (a) coated stainless steel bipolar plates with flow field channels, (b) cross-section of Ti coating, (II) (a) and (b) Nb/Ti coating on to stainless-steel, (c) Nb coating on to stainless steel, (III) post-mortem images. (a) overview, (b) Nb/Ti/ss anode, (c) Nb/Ti/ss cathode, (d) Pt/Ti/ss anode, (e) Pt/Ti/ss cathode (reproduced under the terms of the Creative Commons Attribution 3.0 license).[96] Copyright (2017), IntechOpen Limited. 

4.2 [bookmark: _Toc91197278][bookmark: _Toc100443054][bookmark: _Toc104116057][bookmark: _Toc104116190][bookmark: _Hlk110890072]Thermal spray coatings for anion exchange membrane (AEM) electrolysers
Wang et al. (2019)[99] developed plasma-sprayed electrodes without any precious metals for an AEM electrolyser for operation at 60 °C and 1 M KOH electrolyte, as shown in Figure 11. With NiAlMo electrodes, it was observed that the electrolyser at a current density of 2 A.cm–2 can achieve a potential of 2.086 V (comparable to the performances of industrial MW-size PEM electrolysers, which means a cost-effective alternative to this technology is possible). Observation also indicated that at the same current density, the cell potential with NiAl anode and NiAlMo cathode was 0.4 V higher, and it kept a stable operation for more than 150 h. 
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Figure 11. AEM electrolyser: (a) schematic diagram showing the plasma-sprayed electrode. (b) cross-section image of Ni-Al-Mo electrode (showing the catalytic layer (in grey) and the gradient porous metal framework (in white) which acts as current collector and mass transportation layer), and black region indicate the void space; (c) cross-sectional view of the catalytic layer (reproduced with permission).[99] Copyright (2019), American Chemical Society.

The operation of an AEM water electrolysis with pure water is challenging and to combat this, Razmjooei et al. (2021)[100] developed a novel approach for increasing performance in such electrolysis by introducing a backing layer on a porous transport layer (PTL), shown in Figure 12. By using the APS technique, Razmjooei et al. (2021)[100] for the first time developed the PTLs by introducing a highly porous 100 μm thick Ni-based (Ni/C 80:20wt%) microporous layer (or NiMPL) on top of a porous PTL made of stainless steel and observed the current density of 0.5 A cm−2 at a very low operating voltage of 1.90 V, which was 290 mV lower than that of uncoated bare PTL. Analysis indicated that the combination of varied pore sizes (small, big) present in the coatings played an important role in the effective exchange of gases and water. This means, the high porosity with a large pore-size distribution and a low tortuosity, all led to a reduction of capillary pressure, which efficiently removed the gas bubbles formed at the membrane electrode assembly (MEA) surface. This means, the well-tuned NiMPL-PTL microporous layer reduced the total resistances, including both ohmic and mass transfer, leading to improved performance with pure water. 
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Figure 12. NiMPL fabrication scheme and anion exchange membrane (AEM) water electrolyser cell assembly: (a) APS coating of NiMPL on PTL, (b) a blown-up view of the plasma sprayed NiMPL, and (c) AEM cell configuration with NiMPL-PTLs (BPP: bipolar plates, PTL: porous transport layer, MPL: microporous layer, MEA: membrane electrode assembly) (reproduced under the terms of the Creative Commons CC-BY license).[100] Copyright (1969), Elsevier. 

4.3 [bookmark: _Toc91197280][bookmark: _Toc100443056][bookmark: _Toc104116058][bookmark: _Toc104116191][bookmark: _Hlk110890092]Thermal spray coatings for alkaline water electrolysers (AWE)
In their pioneering work, for Chlor-alkali electrolytic cell, Coker and Argade (1977)[101] developed Ni metal coatings (using flame and plasma spraying techniques) and WC-12%Co coatings (25 µm to 150 µm thick) onto steel substrate (cathode) to reduce the hydrogen production overvoltage. In their cell assembly, asbestos-deposited diaphragm or a synthetic polymeric diaphragm (i.e., chloro-substituted perfluorinated polymers, perfluorinated polymers, sulfonated polymers) were used. The improved electrocatalytic activities were related to the increased surface area of electrodes and efficient release of hydrogen bubbles were related to sprayed surface roughness or unevenness. While Coker and Argade (1977)[101] preferred Ni metal powder metal for the cathode (with criteria that the selected metal powder is sprayable and has a lower hydrogen overvoltage than the cathode material) but indicated that other metals or alloys of these metals can be used (e.g., cobalt, nickel, platinum, molybdenum, tungsten, manganese, iron, tantalum, niobium), including the metallic compounds such as tungsten carbide and iron nitride, as well as a mixture containing graphite. 
Hall (1984)[102] investigated plasma-sprayed Ni coatings for cathodes and found that it was much more efficient in alkaline electrolytes than either uncoated cathodes or cathodes with porous sintered Ni coatings. Plasma-sprayed Ni cathode coatings manufactured with fine and high surface area Ni powder produced hydrogen evolution overpotentials (0.10–0.14 V). Hall (1984)[102] indicated that the degree of coating oxidation (highly oxidised nickel surfaces) was the main factor influencing the hydrogen evolution overpotentials (i.e., efficiency improvement) at either the plasma-sprayed or sintered nickel cathode coatings, and not due to either superior coating morphology or increased surface area. Further on, for AWE applications, Henne, Schnurnberger and Weber (1984)[103] fabricated porous Raney Ni electrodes (Ni–Al alloy (50:50 weight ratio)) by low pressure plasma spraying (LPPS) technique. During electrochemical testing at a current density of 600 mA cm-2 and 180°C operating temperature, an IR-corrected decomposition potential of about 1.5 V was obtained. 
Using the vacuum plasma spraying (VPS) technique, Schiller and Borck (1992)[104] developed electrode coatings for AWE. The oxide electrocatalysts Co3O4 spinel and Raney Ni/Co3O4 layers were coatings for anodic oxygen evolution, whereas Raney Ni and Raney Ni/Mo layers for were coatings for cathodic hydrogen evolution. While analysing using IR-free polarization curves up to 1 A cm−2 current densities and long-time tests (i.e., throughout 3000 h under continuous current loading of 0.5 A cm−2). It was found that the cathode layers exhibit over voltages of 70 mV to 90 mV at 1 A cm−2 and 70°C in 25% KOH solution, whereas composite anodes (Raney nickel/Co3O4) showed overvoltage values of 290 mV at 1 A cm−2. In their further work, Schiller, Henne and Borck (1995)[105] used vacuum plasma spraying (VPS) to develop high-performing electrodes for alkaline water electrolysis. For cathodic hydrogen evolution, Mo-containing Raney Ni coatings were applied, whereas for the anodic oxygen evolution reaction, Raney nickel/Co3O4 matrix composite layers were applied. For the preparation of Raney Ni coatings, a precursor Ni-Al alloy was sprayed that had to be leached subsequently in a caustic solution to remove the Al content, forming a porous, high-surface-area Ni layer. While analysing IR-free polarization curves and long-time tests (under conditions of continuous and intermittent operation), the electrocatalytic activity of the electrode coatings showed excellent electrochemical properties. In their work, Schiller and Borck (1992)[104] and Schiller, Henne and Borck (1995),[105] to spray thermally sensitive oxide electrocatalysts (i.e., Co3O4), special process conditions involving plasma-chemical effects (reactive plasma spraying) was developed. Further on, Miousse, Lasia and Borck (1995)[106] studied vacuum plasma sprayed Ni-Al and Ni-Al-Mo electrodes and compared the effect of alkaline solutions (testing in 1M NaOH and 25% KOH at 70°C) and found that Ni-Al-Mo electrode was more active in 25% KOH, whereas Ni-Al electrode was more active in 1M NaOH solutions. The alternating current impedance measurements showed two semicircles on the complex plots which indicated that the formation of the second semicircle was related to the hydrogen evolution reaction (HER). 
Fournier, Miousse and Legoux (1999)[107] used the wire-arc spray technique to deposit Ni based cathode coatings of various Ni/Al ratio on to the mild steel substrate. By leaching out the Al in concentrated KOH at 70°C, high porosity electrodes were obtained. Following leaching, the HER was studied in 1 M NaOH at 25°C and alternating current impedance measurements were carried and observed a stable electrode with very low overvoltage values (η250 down to 179 mV at 0.25 A/cm2). Such low overvoltages were related to the high porosity of the deposited coatings. 
Irissou et al. (2002)[108] used the vacuum plasma spray (VPS) technique to deposit nanocrystalline Ti–Ru–Fe–O (2-1-1-2) (on Fe, Ti (with Ti/TiH2 interlayer) substrate) as cathode for hydrogen evolution, though the electrolyser types was not immediately clear. The plasma deposited coating showed a significant proportion of Ti2O3 (16.3 wt.%) and TiO (13.2 wt.%), however the preliminary analysis indicated that the electrocatalytic activity for hydrogen evolution of the coating was poor. This led to modification of the coating surface by the dissolution of the superficial titanium oxide layer (by etching in HF 10% at 25 °C) and increasing the effective surface area (see Figure 13[108]). The electrochemical testing of the modified cathode in chlorate electrolysis conditions (electrolyte similar to NaClO3: 550 g/l, NaCl: 110 g/l, NaClO: 1 g/l, pH 6.5, adjusted with NaOH and HCl) showed the overpotential of η250=−550 mV to - 575 mV. Irissou et al. (2002) suggested that careful optimisation of the etching process could lead to the dissolution of all Ti2O3, leading to a highly porous coating. 

[image: Diagram

Description automatically generated]
Figure 13. Microscopic images of vacuum plasma sprayed Ti–Ru–Fe–O (2-1-1-2): (a) as-deposited, (b) etched in HF 10% at 25 °C for 40 min, and electrochemical analysis showing (c) cathodic overpotential variation against the number of cycles (reproduced with permission).[108] Copyright (2002), Elsevier. 

Birry and Lasia (2004)[109] developed vacuum (high frequency) plasma sprayed Ni-Al--Mo coatings for alkaline water eletrolysis. They used spray precursor alloys which were ball milled and synthesised at high temperature with stoichiometry as NiAl5Mo2 (T), NiAl8Mo (G), NiAl7.5Mo1.5 (H), NiAl5Mo0.67 (I), 46%NiAl3 + 54%Ni2Al3 (B) and the mixtures 25–75% of T + B; following which the precursors were treated with an alkaline solution to leach out Al. Birry and Lasia (2004)[109] found that active stable Raney Ni-Mo electrodes can be obtained from Al rich alloys. The HER was studied in 1 M KOH at 25 °C and electrochemical impedance spectroscopy (EIS) was carried out to determine electrochemical activities. It was observed that due to an increase in the real surface area along with catalytic effect of Mo, the vacuum plasma sprayed Ni-Al-Mo coated layers were more active than those prepared by alloyed powder (heating Ni and Al powders) with similar compositions, however, the ternary phase (NiAl5Mo2 (T)), which was suggested to be responsible for high activity, was not stable enough and disintegrated during leaching. However, electrodes prepared with the addition of this ternary phase (NiAl5Mo2 (T)) were stable and active.
Kellenberger et al. (2007)[110] used Ni-Al and NiTi-Al wires and deployed wire arc spraying technique to fabricate electroactive coatings on steel substrates. The coatings were then treated with alkaline 1 M NaOH solution at 80 °C to leach out the Al.  Electrochemical testing in 1 M NaOH solution indicated that the increased activity for the hydrogen evolution reaction (HER) is due to an increased real surface area in the case of the skeleton Ni electrodes and the catalytic effect of Ti in the case of the skeleton NiTi electrodes. The EIS indicated the presence of two potential-dependent semicircles (related to the hydrogen evolution reaction kinetics) at reduced hydrogen evolution reaction overpotentials. 
As shown in Figure 14, Chade et al. (2013)[111] developed air plasma sprayed Raney Ni electrodes of three coating thicknesses 30 μm, 100 μm and 300 μm. Following electrochemical activation, the HER was studied using potentiodynamic Tafel in 30% KOH solutions over 30 °C to 80 °C and EIS was carried to determine their electrochemical activities. The best electrocatalytic activity towards HER was obtained for a 100 μm thick coated electrode, with 96% efficiency (based on the higher heating value for H2) at 300 mA cm−2 current density and 70 °C, attributed to the very high electroactive area as well as enhanced kinetics on the sprayed surface. 
As summarised by Aghasibeig (2015),[112] and in most of these studies above, the focus was on increasing the intrinsic activity and the real surface area of thermally sprayed electrodes by producing coatings of Raney Ni, Ni-Mo and Raney Ni-Mo alloys. Nevertheless, the effect of the other factors (e.g., thermal spray process parameters) and surface modifications on the activities of the electrodes was not always investigated. Besides additional rinsing steps and producing more waste, it is well known that the application of Raney Ni as the electrode material requires using high concentrations of hazardous caustic solutions for the leaching process at high temperatures. Also, in some of these studies above, the AWE process was conducted at high temperatures to increase the electrolyte conductivity and promote bubble detachment from the surface, which gives rise to a higher operating cost (if correlated with the electricity consumption) as well a reduction in the lifetime of the electrolyser components due to a potential corrosion. Additionally, Aghasibeig (2015)[112] proposed that the issue related to the gas bubble resistances at the electrode surface could be resolved by modifying surface profiles which can be possible by optimisation of the thermal spray coating processes. 
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Figure 14. Microscopic images of 30 μm and 100 μm thick Raney Ni electrodes before (left) and after (right) chemical activation (reproduced with permission).[111] Copyright (2013), Elsevier.

Therefore, the objectives of Aghasibeig et al. (2014)[113] and Aghasibeig et al. (2016)[114] work were to develop Ni-based electrode coatings with enhanced surface areas for the HER using thermal spray techniques. Aghasibeig et al. (2014)[113] and Aghasibeig et al. (2016)[114] used atmospheric plasma spray (APS) and suspension plasma spray (SPS) techniques, where the effect of process parameters on the electrochemical active surface areas of the coated electrodes was investigated. Analysis by Aghasibeig et al. (2014)[113] demonstrated that coatings deposited by SPS exhibited a larger electric double layer capacitance (ECDLC) compared to those deposited by APS. Higher surface areas were also observed for all SPS deposits compared to those deposited using APS, attributed to the formation of fine porous agglomerates on the surface of the SPS coatings. Also, the most significant processing factors affecting the electrochemically active surface areas of the coatings were standoff distance in APS and current in SPS techniques. Microstructurally, the development of larger surface areas was related to the deposition of semi-molten and re-solidified particles and formation of more porous structures during thermal spraying. 
Applying the know-how from their previous work, in a novel application of combined APS and SPS technique to deposit Ni as cathode for AWE (i.e., SPS layer deposited on top of APS layer), Aghasibeig et al. (2016)[114] observed the highest electrocatalytic activity for electrode coated by the combined method with the exchange current density and overpotential (η250) values of 6.2 × 10− 4 A/cm2 and −386 mV, respectively. The high electrocatalytic activity was attributed to its large specific surface area with a high surface roughness which comprised a multiscale micron/submicron-sized surface structure. Aghasibeig et al. (2016)[114] suggested that the dual microstructure of cathode and its super-hydrophilic behaviour enhanced the activity by providing more reaction sites for hydrogen adsorption, promoting the diffusive mass transport of the reactants, and facilitating hydrogen bubble ascension from the pores. It was clear from their investigation that the application of such combined APS–SPS method could be useful for materials with higher activities such as Raney Ni or Ni-Mo alloys, to increase the efficiency of the electrolysis process.
Kim et al. (2018)[115] and Kim et al., (2019)[116] fabricated the Raney Ni electrode using the APS method on to Ni-disc substrate (20 mm dia., 0.6 mm thick), and the Ni–Al alloy (50:50 weight ratio) sprayed coating contained a NiAl phase. Electrochemical measurements using 3-electrode system (counter electrode: Ni, reference electrode: Hg/HgO) were made in a 1 M KOH alkaline electrolyte. In the alkaline solution it had very slow Al leaching rate or did not leach. Through hydrogen and temperature heat treatment of the electrode, an enhancement in the uniformity of Al distribution, as well as adhesion of the coating to the substrate, was observed. Through heat treatment, the electrode becomes structurally vulnerable to deactivation (carried at a constant current density of −400 mA/cm2 for 12 h) and the performance of HER did not increase (Tafel slope of 54 mV/dec and overvoltage of 108 mV at 300 mA/cm2 was observed). By increasing the operating temperature, the electrolyte ionic conductivity increased as well as enhanced the electrode surface kinetics; thus, the overpotential for HER decreased.[116] 

4.4 [bookmark: _Toc91197279][bookmark: _Toc100443055][bookmark: _Toc104116059][bookmark: _Toc104116192][bookmark: _Hlk110890107]Thermal spray coatings for solid oxide water electrolysers (SOWE) 
Considering key requirements, in SOWE electrolysers, the two electrodes (anode, cathode) and solid oxide electrolytes should be able to operate at high temperatures and split water to produce hydrogen. Some of the earlier work[59, 117] provide an overview about how hydrogen production could be made possible by using nuclear heat (high temperature electrolysis of steam or HTES) which was at that time limited to the field of electric generation. 
For tubular cell design, Hino et al. (1997)[117] fabricated gas tight Al2O3 layers of 100 µm thickness (for sealing at interconnecting areas and prevent oxidation during cell operation) on the support tube using plasma spraying. The porous cathode of Ni cermet (80 µm to 110 µm thick) was coated on the support tube by an acetylene flame spraying. Following the gas-tight electrolyte layer of Y2O3-stabilized (8 mol%) ZrO2 (100 µm to 150 µm thick) was plasma sprayed at low-pressure on the cathode. The anode layer (calcium or strontium-doped LaCoO3 or strontium-doped LaMnO3) was deposited on the electrolyte and interconnection layers up to 200 µm thick by the acetylene flame spraying. The interconnection (i.e., Ni-Al layer of 250 µm thickness) at both ends of the support was fabricated by the plasma spraying. In such earlier fabrication and testing up to 950 °C, Hino et al. (1997)[117] found that the electrolysis tube served only one thermal cycle and observed that a large part of anode layers was detached from the electrolyte layers. This failure at the interface indicated that thermal spray processing needed improvement for enhanced adhesion of layers against thermal expansion difference of multi-layers structure. 
Some other research includes, for example, Ansar et al. (2008)[118] where air plasma spraying (APS) was applied to develop perovskite-type LSM (La0.8Sr0.2MnO3) and LSCF (La0.6Sr0.4Co0.4Fe0.6O3) cathodes. The coatings were sprayed on pre-sprayed half cells consisting of plasma sprayed 50 µm NiO+YSZ fuel electrode and 40 µm 9 mol% YSZ electrolyte fabricated on FeCrMnTi substrates (48 mm in diameter). While testing at a current density of 1 A/cm2, water splitting voltage was reduced to 1.4 V at an operating temperature of 800 °C and 1.28 V at 850 °C. Considering the degradation behaviour, long-term electrolysis tests for 1500 hours were performed by monitoring the LSCF cell voltage change against time at 800 °C and varied between 750 °C and 850 °C during V-I analysis, exhibited 3.2%/1000 h degradation rates. 
As shown in Figure 15, Schiller et al. (2009)[119] developed metal supported cells by applying plasma deposition technologies (APS, VPS) for use as solid oxide electrolyser cells (SOEC) for high temperature steam electrolysis. The cell included a porous ferritic steel support, a diffusion barrier layer, a porous Ni/YSZ hydrogen electrode (50 µm thick coating) sprayed using APS, a solid YSZ electrolyte (40 µm thick coating) sprayed using VPS and a porous LSCF oxygen electrode (30 µm thick coating) sprayed using APS. The as-made cell was electrochemically characterised including a long-term test over 2000 h. The cell voltage during electrolysis operation at a current density of −1.0 A cm−2 was 1.28 V at an operating temperature of 850 °C and 1.4 V at 800 °C. A long-term test run over 2000 h with a steam content of 43% at 800 °C and a current density of −0.3 A cm−2 showed a degradation rate of 3.2% per 1000 h. 
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Figure 15. (a) Cross-section view of plasma sprayed SOWE cell, where diffusion barrier layer La0.7Sr0.15Ca0.15CrO3 were deposited using plasma spraying or PVD process onto 1 mm thick ferritic steel plate, H2-electrode (Ni/8YSZ layer) and O2-electrode (LSCF layer) were deposited using air plasma (APS), whereas electrolyte (8YSZ layer) was deposited using vacuum plasma (VPS) technique, (b) set-up cross sectional view, and (c) long-term test run of cell with a continuous load of −0.3 A cm−2 in electrolysis mode over 2000 h of operation (reproduced with permission).[119] Copyright (2008), Springer Nature.

O’Brien et al. (2010)[59] provided a detailed state-of-the-art about high temperature (e.g., via nuclear reactor) electrolysis using solid oxide cell component design, material, and assembly. O’Brien et al. (2010)[59] demonstrated straightforward scalability of the high temperature electrolysis for long term operation and hydrogen production.  For small-scale tests at 800-850 °C, the cell included interconnecting plates made from ferritic stainless steel. The steam/hydrogen flow fields were fabricated from Ni-foil, whereas the air-side flow fields were ferritic stainless steel. To improve cell performance, the air-side separator plates and flow fields were pre-surface-treated to form a rare-earth stable conductive oxide scale, and a perovskite rare-earth coating was considered as a bond layer to the separator-plate oxide scale by either plasma spraying (or screen printing). On the steam/hydrogen side of the separator plate, a thin (~10 µm) Ni-metal coating was applied as a bond layer. The stack electrolytes were scandia-stabilized zirconia (~140 µm thick). The air-side electrodes (anode in the electrolysis mode) were a strontium-doped manganite. The electrodes were graded, with an inner layer of manganite/zirconia (~13 µm) immediately adjacent to the electrolyte, a middle layer of pure manganite (~18 µm), and an outer bond layer of cobaltite. The steam/hydrogen electrodes (cathode in the electrolysis mode) were also graded, with a nickel-zirconia cermet layer (~13 µm) immediately adjacent to the electrolyte and a pure nickel outer layer (~10 µm).
As shown in Figure 16, Vardavoulias et al. (2021)[120] proposed the fabrication of free-standing solid oxide cells exclusively by APS thermal spray without the need of using any porous metallic support nor the need for a post-process heating treatment. Overall, five layers were deposited, which included spraying of the solid oxide cell layers on a porous metallic support, and then detachment of the solid oxide cell from the substrate. The layers were as follows (support electrode: composition Ni/NiO 50%–YSZ 50%, thickness 300–350 μm, porosity 25–30%; support electrode/electrolyte transition layer: composition Ni/NiO 25%–YSZ 75%, thickness 100–120 μm, porosity 20–25%; electrolyte: composition YSZ 100%, thickness 100–120 μm, porosity < 5%, not connected; electrolyte/end electrode transition layer: composition 50% YSZ–50% LSM, thickness 80–100 μm, porosity 20–25%; and end electrode: composition LSM 100%, thickness 70–90 μm, porosity 25–30%). While the electrodes with adequate porosity were obtained, the purpose of intercalation of the transition layers was to facilitate the ionic motion and also to eliminate thermal expansion mismatches. 
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Figure 16. Fabrication of free-standing solid oxide cells by APS without the need of using any metallic porous support in final product: (a) step 1 shows net shape spray-forming which includes spraying of the solid oxide layers on a porous metallic support, and step 2 shows detachment of the solid oxide cell from the substrate, whereas final product shows five-layer structure of the solid oxide cell, and (b) microscopic image of the coatings cross-section (reproduced under the terms of the Creative Commons Attribution license).[120] Copyright (2021), MDPI.

4.5 [bookmark: _Toc91197282][bookmark: _Toc100443058][bookmark: _Toc104116060][bookmark: _Toc104116193][bookmark: _Hlk110890117]Thermal spray coatings for thermochemical water splitting (TWS)
Though there may be many industrial examples, only a few works (mainly for nuclear Cu-Cl thermochemical cycle) have been reported or published where the application of thermal spray coatings for structural components has been deployed in such thermochemical water splitting for hydrogen production. 
As an example, Siantar (2012)[58] used HVOF and APS methods to develop coatings (e.g., Diamalloy 4006 using HVOF method with thickness unknown, yttria stabilized zirconia/70 µm thick & alumina/170 µm thick using APS method) and investigated the immersion performance of coatings deposited on to substrates (i.e., Ni based super-alloy or Inconel 625, super austenitic stainless steel or AL6XN) exposed to molten CuCl at 500°C up to 100 hours. Post-immersion test analysis indicated that the coatings were significantly damaged (in the form of delamination and cracks), and the cracks and pores provided pathways for the molten CuCl to penetrate under the coating-substrate interface leading to significant corrosion, dissolutions of metals and reduction of copper. In terms of materials immersion performance, the Inconel 625 substrate performed better than stainless steel AL6XN substrate, whereas, both Diamalloy 4006 and YSZ (ZrO2 18TiO2 10Y2O3) coatings provided better protection to the underlying base metal than alumina (Al2O3 3TiO2) coating.
For Cu-Cl cycle electrolysis applications, using the HVOF technique, Azarbayjani, Rizvi and Foroutan (2016)[121] developed Ni-based alloy (i.e., Diamalloy 4006 or Ni-20Cr-10W-9Mo-4Cu-1B-1C-1Fe) metallic interlayer coating (and insulating YSZ topcoat, coating method not specified) which was deposited onto medium carbon steel 1045 substrate to evaluate coated sample integrity via immersion test in molten CuCl at 500 °C for a prolonged time. Characterisation and analysis demonstrated that medium carbon steel coated with only the YSZ layer is not suitable to survive even short exposure of 5-hour exposure to molten CuCl (means corrode immediately). However, YSZ coating with Diamalloy 4006 bond coat can provide better protection to the underlying base metal than only YSZ layer, as shown in Figure 17 (when tested for 48 hrs and 100 hrs), i.e., no deep cracks or corrosion observed. It was indicated that the complex mix of factors (e.g., the difference in the thermal expansion coefficient of different layers and substrate, thermal stress induced due to molten CuCl and some post-testing sample preparation) could have been the causes of coating debonding and Diamalloy 4006 bond coat clearly helps protect the substrate and improved the adhesion between the ceramic topcoat and the metallic substrate. 
Some detailed investigation can be seen elsewhere where various corrosion resistant thermally sprayed coatings were evaluated by immersion test in molten CuCl. Azhar (2016)[122] demonstrated that the bond coat of Diamalloy 4006 performed much better than the bond coat of super hard steel 9172, and that the alumina ceramic coat seemed to perform better than YSZ, but also indicated that the thermally sprayed method (HVOF, APS) may not be always suitable for molten CuCl corrosion application because of high porosity. In continuation to address the porosity related issues, Dsouza (2018)[123] proposed that better coating methods with porosities less than 1% should be tested in order to shield the substrate from the harsh molten CuCl environment and suggested that HVOF and APS coatings should be improved to reduce porosity in order to obtain a uniform and dense coating, including consideration of alternate material for their corrosion resistance capabilities.
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Figure 17. Bullet shaped coated sample before and after exposure to molten CuCl at 500 °C (a,b) sample before and after immersion test: (I) YSZ coating only (5 hrs immersion test), (II) YSZ+Diamalloy 4006 coating (48 hrs immersion test), and (III) YSZ+Diamalloy 4006 coating (100 hrs immersion test) (reproduced with permission).[121] Copyright (2016), Elsevier.

Naterer et al. (2019)[46] tested the immersion corrosion properties (in CuCl at 500 °C) of coated medium carbon steel (1045). The coatings considered were YSZ as ceramic coating (coating method not specified), Diamalloy 4006 coating using HVOF technique, metal coated with Diamalloy 4006+YSZ (note: Ni based amorphous alloy Diamalloy 4006 (Ni 20Cr10W9Mo 4Cu 1C 1B 1Fe) coatings contained glassy (amorphous/microcrystalline) phases). While analysing corrosion behaviour of YSZ (Zirconia, ZrO2 8%Y2O3) coatings, the Cu deposits were observed (indicating severe corrosion copper diffusion through the coating), a layer of YSZ on the base metal and a layer of copper (chloride) deposits were also observed on the base metal. This means the YSZ coating (without bond layer) thickness was not sufficient to resist the CuCl attack, leading to delamination of the coating. However, when the YSZ coating was applied to the base metal with a bond layer, the performance was better off but showed corrosion and erosion within its layers. While analysing corrosion behaviour of Diamalloy 4006 and YSZ coatings, factors related to mismatch of thermal expansion coefficient of the coating and substrate as well as stress or attack from the CuCl led to coating delamination in some regions, however, no cracks or corrosion were observed. While analysing corrosion behaviour of Diamalloy 4006 coatings, it was observed that the exposure to molten CuCl led to its splitting to form copper deposits on the sample, however, this coating showed promising results compared to other coatings. Additionally, though no further details were provided, Diamalloy 4006 with an Al2O3 top coating survived longer exposure to molten CuCl. Naterer et al. (2019)[46] also proposed other alloys for future testing, such as Hastelloy, quartz glass coating, Udimet 500, IN718, nickel-based superalloy Nimonic105, etc. Previously, Naterer et al. (2015)[124] investigated various processes in the thermochemical Cu–Cl cycle for hydrogen production and proposed a predictive model to simulate the physical processes of bubble transport in a vertical liquid column, as it occurs in water splitting processes such as oxygen generation and electrolysis processes in the Cu–Cl cycle.

4.6 [bookmark: _Toc91197281][bookmark: _Toc100443057][bookmark: _Toc104116061][bookmark: _Toc104116194][bookmark: _Hlk110890126]Thermal spray coatings for photolysis water splitting (PWS)
The light absorbing ability of any material within a range (i.e., Ultraviolet (UV) - Visible (Vis) - Near InfraRed (NIR)) is a factor that is important for the improved photocatalytic property. As an example, TiO2 (n-type semiconductor most frequently used) coating’s photocatalytic property can be triggered when exposed to the UV light, and there are a number of investigations on such coatings deposited using thermal spray techniques. There are numerous examples (Figure 18) where thermally sprayed photocatalyst semiconducting material for various photocatalytic uses were developed, e.g., TiO2 coatings,[125, 126, 127, 128, 129, 130, 131, 132] and ZnO coatings.[80] In all such investigations, the research has been more on enhancing the absorption capability of the material (possible through varied process parameters of thermal spray), which could potentially enhance sunlight-driven pure water splitting to split water into hydrogen and oxygen. 
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Figure 18. Microscopic images of thermally sprayed semiconducting materials deposited onto stainless steel substrates: (a) SPPS deposited TiO2 coating cross-section (reproduced with permission),[125] Copyright (2008), Elsevier, (b) APS deposited TiO2 coating surface, showing number of unmelted particles and porosity (reproduced with permission),[127] Copyright (2013), Springer Nature, and (c, d) APS deposited ZnO coating cross-section and surface (reproduced with permission).[80] Copyright (2017), Springer Nature.

From literature observation, it can be concluded that there are more research examples where TiO2 semiconductors as photocatalysts are investigated for enhanced absorption capability (for non-hydrogen production applications, e.g., self-cleaning surfaces, air and water purification systems, sterilization (Toma et al., 2014)),[71] and very few examples on direct investigation (or characterisation) for water splitting based hydrogen production. As numerous efforts have been made over the last decade within thermal spray techniques and control of phase transformation of feedstock materials during spraying (e.g., APS, HVOF, and cold spray (Toma et al., 2014)),[71] there is an opportunity where various other semiconductors (including TiO2) could be explored and investigated using thermal spray techniques for water splitting based hydrogen production. 

4.7 [bookmark: _Toc91197283][bookmark: _Toc100443059][bookmark: _Toc104116062][bookmark: _Toc104116195][bookmark: _Hlk110890135]Thermal spray coatings for photoelectrochemical (PEC) water splitting
Using solution precursor plasma spraying (SPPS), Dom et al. (2013)[133] developed a 10 μm thick ferrite nanocomposite (ZnFe2O4:Fe2O3) photoelectrode coating onto stainless steel substrate for photoelectrochemical based hydrogen production under simulated solar light. The photoelectrochemical measurements were performed using a 3-electrode cell (in 1 M NaOH (pH ∼ 13.6) electrolyte) with a reference electrode (saturated calomel electrode (SCE)), a platinum electrode as the counter electrode and the ferrite nanocomposite as the working electrode. With a low band gap of 1.94 eV (band edges suitable for water splitting as well as its eco-friendly nature), the spinel oxide electrode yielded a solar-to-hydrogen conversion efficiency of 1.25% under simulated solar radiation with a hydrogen evolution rate of 99 μmol h−1. The EIS of the electrode revealed a significantly improved charge transfer characteristic compared to ZnFe2O4. An enhanced photoactivity for the oxidation of water from the electrode was attributed to its improved optical absorption and better charge transfer properties induced by the existence of Fe2O3 in ZnFe2O4.
Unlike metal oxides (e.g., TiO2, ZnO, Fe2O3, and WO3) which are used in photoelectrochemical water splitting, copper oxide (CuO) is nontoxic, abundant, inexpensive, and an efficient light absorber in the visible region of the spectrum.[134] CuO material is a relatively good electrical conductor (with band gap range of 0.7-1.6 eV),[135] which means it can facilitate the extraction of photogeneratedcharge carriers. Alternately, the limited stability of Cu2O (with band gap range of 2.0-2.2 eV (Basnet and Zhao, 2016)[136] which remains in the visible (Vis) light range, and which is larger than the required minimum water oxidation potential of 1.23 eV) under photoelectrochemical water splitting conditions is still an issue. Exploring these band gap features, stability, as well as low-cost mass production, Lee et al. (2016)[134] used cold spraying to deposit Cu2O nanoparticles onto indium tin oxide (ITO)-coated soda lime glass (SLG) substrate for the fabrication of photocathodes for use in solar radiation based water splitting. To convert Cu2O to CuO and improve their crystallinity, the coatings were sintered at various annealing temperatures (Figure 19), and it was observed by Lee et al. (2016)[134] that the optimal annealing temperature was 600 °C, producing a useful crystal (i.e., the high surface area of small crystals and better charge carrier transport in larger crystals). The photoelectrochemical measurements were performed using a 3-electrode cell (in 1 M KOH (pH ∼ 14) electrolyte) with a reference electrode (Ag/AgCl rod), a platinum electrode as the counter electrode and the CuO films as the working electrode. Under simulated solar radiation, the CuO films when investigated as hydrogen evolution photocathodes, produced photocurrent densities (PCD) of up to 3.1 mA/cm2, without the use of a co-catalyst or any additional heterojunction layers. 
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Figure 19. Microscopic images of surface of cold sprayed Cu2O and then conversion to CuO by sintering at annealing temperatures: (a) 400 °C, (b) 500 °C, (c) 600 °C, and (d) 700 °C (reproduced with permission).[134] Copyright (2016), American Chemical Society.

Haisch et al. (2017)[137] in Figure 20 showed how cold spray method can be utilised to fabricate large-scale electrode (with superior mechanical stability) for photoelectrochemical applications. They developed cold sprayed photoelectrodes (anodes) onto titanium metal substrates for electrochemical water splitting and wastewater purification. The coatings WO3 (active under visible wavelength) and TiO2 (active under UV wavelength) were investigated as photoanodes for the oxidation of water and methanol, respectively. Methanol was chosen as an organic model pollutant in acidic electrolytes. Three-electrode based electrochemical measurements were carried out (consisting of a working (photo-) electrode (WE), an Ag/AgCl reference electrode (RE), and a Pt wire counter electrode (CE) and). Electrochemical testing was carried in 0.1 M KCl electrolyte, whereas photoelectrochemical testing was carried in 0.5 M acid (H2SO4) electrolyte. 
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Figure 20. Microscopic image (I) (a) cold sprayed TiO2 film surface, (b) cross-section of cold sprayed WO3 film on a titanium substrate, and (c) cross-section of the interface region between the cold sprayed WO3 film and the titanium substrate, and (II) (a) cold sprayed TiO2 (P25/20) film on Ti metal substrate, (b) screen printed TiO2 (P25) film on FTO substrate, where images reveal that the particle sizes of the TiO2 particles in the screen-printed film are smaller than the particle sizes in the cold sprayed TiO2 film (reproduced under the terms of the Creative Commons Attribution-NonCommercial 3.0 Unported license).[137] Copyright (2017), Royal Society of Chemistry.
[bookmark: _Toc74632189]
Concerning the photoelectrochemically water oxidation activity of the photoanodes, the highest photocurrents were observed for WO3 photoelectrodes in the potential range of 0.6–1.6 V, whereas for TiO2 photoelectrodes in the low potential range from 0.0–0.6 V (both vs. normal hydrogen electrode). While testing with the incident photon, it was revealed that the cold sprayed coatings (i.e., TiO2/WO3 photoanodes which did not need any additive or binder like screen printing method) exhibited the best photoelectrochemical properties with regard to the water and methanol oxidation reactions in comparison with the benchmark photocatalyst Aeroxide TiO2 P25 (fabricated using screen printing method). This is due to more efficient harvesting of the total solar light irradiation related to their smaller band gap energies.
Fe2O3 is a nontoxic and abundant metal oxide with a bandgap of 2.1 eV (note: 1.8–2.2 eV is desirable to allow absorbance of visible sunlight spectrum above the minimum energy required for water splitting) (Kim et al., 2019).[138] However, the short lifetimes of the photogenerated electrons and holes in Fe2O3 is an issue, as well as poor hole diffusion kinetics limit its photoanode performance for photoelectrochemical water splitting. Therefore, as demonstrated by Kim et al. (2019),[138] an overlayer coating to passivate the Fe2O3 surface is essential for ensuring that it exhibits a high photocurrent density (PCD). Materials like thin overlayers of Al2O3, Ga2O3, or TiO2 can be an option as passivation layers, as well as co-catalysts including IrO2, Co–Pi, Co(OH)2/Co3O4, Ni(OH)2, and NiFeOx can be used on the surface of Fe2O3 to improve its photocurrent density (PCD) and Faradaic efficiency, however, many of these materials are toxic, rare, or expensive. Therefore, Kim et al. (2019)[138] used the cold spraying technique for deposition of photoresponsive Fe2O3 particles onto ITO substrate (followed by coating with ZnO and then TiO2 overlayers using atomic layer deposition technique) for applications such as photoanodes for photoelectrochemical water splitting. While the valence band of ZnO (sandwiched layer) can facilitate the generation of photoexcited holes, but this material can undergo photo-corrosion in aqueous electrolytes, therefore, TiO2 was overlaid as a passivation layer. The photoelectrochemical measurements were performed using a 3-electrode cell (in 1 M NaOH (pH ∼ 14) electrolyte) with a reference electrode (Ag/AgCl rod), a platinum electrode as the counter electrode and the Fe2O3/ITO as the working electrode. Under simulated solar radiation, the films when investigated showed that the photocurrent of Fe2O3 films (0.5 mA.cm−2) improves significantly to 4.25 mA.cm−2 after their surface modification with an ultrathin ALD-based ZnO/TiO2 coating. 

5. [bookmark: _Toc91197284][bookmark: _Toc100443060][bookmark: _Toc104116063][bookmark: _Toc104116196]Considerations for enhanced hydrogen production 
As seen from aforementioned examples, thermally sprayed materials are promising to help achieve materials' microstructures and properties which can help produce hydrogen through various water electrolysis based processes. The selection of feedstock materials requires understanding of the properties, functions, manufacturing route and overall electrolysis requirements. This section provides an overview about some direct considerations warranted which can further enhance hydrogen production. 

5.1 [bookmark: _Toc91197285][bookmark: _Toc100443061][bookmark: _Toc104116064][bookmark: _Toc104116197]Traditional feedstock materials, coating design, and post-processing
The selection of suitable feedstock materials (for thermal spraying various layers of interest) requires an understanding of the particular electrolyser type and the operational requirements expected from the deposited layer. The feedstock materials and their shape/size should be appropriate  for the specific thermal spray technique being considered. As previously discussed and summarised later in Table 2, a majority of the existing reports on thermally sprayed layers relevant to water electrolysis processes have employed relatively well-established deposition routes like APS, VPS, HVOF and Cold Spray. These generally utilize traditional spray-grade powder feedstock with particle sizes typically of the order of tens of microns. While the nature of the material (whether relatively low melting metals & alloys or high melting point ceramics) and type of process (whether plasma-based, combustion-based or kinetic energy driven) usually dictate the upper limit on the particle size, the lower limit (of approximately 5 microns) is governed by the inability to reliably feed finer powders. 
Overall, from the examples discussed above, it is amply evident that thermally sprayed layers can deliver nearly tailored microstructures that can range from porous to almost fully dense to be impermeable to gases, depending on the requirements of the specific electrolyser type. Combined with an appropriate choice of the sprayed material, this can result in electronically/ionically conducting or thermochemically/electrochemically active layers with high surface areas, minimal mismatch in expansion coefficient with substrates and electrolytes. Such materials can also be electronically resistive and chemically resistive (corrosion resistant) while exhibiting sufficient mechanical and chemical integrity. An assessment of feedstock materials shows that much effort has also been devoted to exploiting composite materials (more frequently in SOWE and AWE electrolyser types) to obtain desirable catalytic characteristics. 
[bookmark: _Hlk115903896]Among the various microstructural features of interest, the porosity, pore size distribution, pore volume and pore shape are particularly critical in the context of the electrolysers, as they can directly influence the performance of corresponding thermal spray fabricated constituents (i.e., catalysts (anode/cathode), solid electrolyte, and transport layer, etc). There is no single thermal spray method that can be considered to be either universally or exclusively applicable, because of the varied materials that are of interest for current and future electrolyser applications, as well as the very wide range of porosity-related needs (from few nanometers to micrometers) in catalysts (anode/cathode), solid electrolytes, and transport layers. Traditionally, control over the pore structure and its distribution has been realized in conventional thermal spray methods (such as plasma-spray) through manipulation of one or more among various process parameters which could be either thermal spray ‘gun’ or feedstock related. The origin of porosity in the coating has often been related to the state of the particle at the moment of impact with the substrate, with unmolten particles leading to poor splat formation or ‘bounce off’ of the solid core and contribute to pore formation. Pores can also be formed due to other reasons such as enclosed gases or inherent pre-existing porosity in the powder feedstock and shrinking of splats during fast solidification. With the use of advanced thermal spray methods (for example, suspension and solution precursor spraying), enhanced control over porosity and its distribution is possible, although the fine-scale porosities can be challenging to reliably measure.[19, 20, 22, 24] In summary, the advantage of thermal spraying methods is that it enables an appropriate combination of powder particle size, their residence time as governed by the gas velocity, and the process temperature to generate coatings with a desired level of porosity, depending on the type of coating material, parameters of the spraying process and the spraying gun system. In some cases, pore-formers are also used to intentionally introduce porosity, particularly in thermal sprayed ceramic coatings.[17]
Table 2 seeks to provide a detailed summary of the numerous examples of thermal spray feedstock materials and spraying routes used to manufacture coatings for water-splitting leading to hydrogen production. Details are also condensed in a graphical form in Figure 21 for all the seven electrolyser types that have been reviewed herein. Based on the reported literature, the following observations can be made. For PEM electrolysers, the application of Ti coatings on bipolar plates using VPS technique has been the main focus. The choice of VPS could have been due to the propensity for Ti to oxidize in-situ if it were to be plasma sprayed in ambient conditions. However, cold spray deposition could also be a plausible alternative due to a combination of low process temperature and short residence time that can suppress oxygen pick-up  (Wathanyu et al., 2022).[139] In case of AEM electrolysers, APS deposition of Ni based feedstocks such as NiAl and NiAlMo for anode and cathode, respectively, and of Ni-C for the porous transport layer has been evaluated. For AWE electrolysers, Ni-based materials have continued to be the main contenders, with layers being mostly deposited using APS, flame spray, LPPS, VPS and wire arc spray techniques. Preliminary studies utilizing SPS have also been reported and found to expectedly yield higher surface area by virtue of the finer particle size of the Ni-based powder used in the feedstock. Other materials such as Mo-containing Raney nickel cathodes and Raney nickel/Co3O4 matrix composite anodes have also been studied. In comparison to the above types of electrolysers, the range of thermally sprayed materials evaluated in case of SOWEs has been much wider. These have included among others thermally sprayed porous Ni-cermet cathodes, a range of partially stabilized zirconia electrolytes (with yttria and scandia as stabilizers) and calcium or strontium-doped LaCoO3 or strontium-doped LaMnO3 as anodes. The few reports on thermal spraying for thermochemical water splitting have all involved use of a usually HVOF-sprayed Ni-based superalloy as a bond coat with a APS-deposited ceramic (YSZ or alumina) top coat. For photolysis electrolysers, the application of TiO2 and ZnO coatings using APS and HVOF has been the main focus while, for photoelectrochemical electrolysers, the utility of metal oxide coatings (e.g., ZnFe2O4:Fe2O3, Cu2O, CuO, WO3, TiO2, and Fe2O3, etc.) using APS and cold spray has been evaluated. 
The efforts summarized in Table 2 notwithstanding, there can be many other composite feedstock materials suitable for thermal spraying which have not been investigated yet but can potentially be considered for further investigations. For example, numerous materials and derivatives including semiconductor photocatalysts suitable for photolysis and photoelectrochemical electrolysers have been developed so far and can be deemed to be promising candidates. One such example is CuO-Al2O3-ZnO composite films for microreformers showing improved catalyst performance that can be integrated with the proposed design philosophy for enhanced photocatalytic activity.[140] Considering strategies for coating design potentially in the form of metasurface[26] for enhanced catalytic performance could be yet another approach suitable for photolysis as well as photoelectrochemical electrolysers. Such metasurfaces can lead to high catalytic activity and consequently increased hydrogen production rates through electrolysis. This can also address prominent current challenges in the field of electrode (catalyst layer) manufacturing by enabling both large-scale and structurally stable hierarchical length scale production. Availability of a robust and scalable manufacturing method with precision control over the material microstructure during scalable fabrication of catalysts represents an important current need, and the thermal spray route may be a way forward in this context. 

Table 2. Reported examples of thermal spray feedstock materials and spraying routes explored to fabricate coatings relevant for water-splitting leading to hydrogen production.
	Thermal spray process 
	Feedstock materials
	Remarks
	Coating thickness
	Substrate
	Ref.

	Proton exchange membrane (PEM) electrolyser 

	VPS
	Ti (coating for bipolar plates) and thin layer of Pt using magnetron sputtering on top of Ti
	Ti coatings can fully protect the stainless-steel bipolar plates, Pt layer can allow achieving a cell performance comparable to the baseline
	Ti: 60 μm,
Pt: 1.8 μm
	Stainless-steel 
	Gago et al. (2016)[97]

	VPS
	Ti (coating for bipolar plates) and thin layer of Pt using magnetron sputtering on top of Ti
	Ti coatings can fully protect the stainless-steel bipolar plates, Pt layer can allow achieving a cell performance comparable to the baseline
	Ti: 50-60 μm, Pt: 1.5 μm
	Stainless-steel 
	Lettenmeier et al. (2017)[96]

	VPS
	Ti (coating for bipolar plates) and thin layer of Nb using magnetron sputtering on top of Ti
	Ti coatings can fully protect the stainless-steel bipolar plates, Nb layer with superior corrosion protecting properties and stable behaviour in acid environment. Nb dense coating using VPS is possible; cell temperature: 38 °C
	Ti: 50 μm, Nb: 1.4 μm
	Stainless-steel
	Lettenmeier et al. (2017)[98]

	Anion exchange membrane (AEM) electrolyser 

	APS
	NiAlMo (cathode), NiAl (anode)
	Electrolyser can achieve a potential of 2.086 V at a current density of 2 A.cm–2; cell temperature: 60 °C; electrolyte: 1 M KOH
	-
	-
	Wang et al. (2019)[99]

	APS
	Ni/C 80:20wt% (porous transport layer)
	Novel approach for increasing performance in electrolysis by introducing a backing layer on a porous transport layer. Current density of 0.5 A cm−2 at operating voltage of 1.90 V
	Ni/C 80:20wt%: 100 μm
	Coated on top of a porous PTL made of stainless steel
	Razmjooei et al. (2021)[100]

	Alkaline water electrolyser (AWE)

	Flame spray, APS
	Ni, WC-12%Co 
	Improved electrocatalytic activities were related to increased surface area of electrodes and efficient release of hydrogen bubbles were related to sprayed surface roughness or unevenness
	25-150 µm
	Steel (cathode)
	Coker and Argade (1977)[101]

	APS
	Ni 
	The degree of coating oxidation was the main factor influencing the hydrogen evolution overpotentials at either the plasma-sprayed or sintered nickel cathode coatings; cell temperature: 80 °C; electrolyte: 30% KOH
	-
	-
	Hall (1984)[102]

	LPPS
	Ni–Al 
	Decomposition potential of about 1.5 V was obtained; cell temperature: 180 °C
	-
	-
	Henne, Schnurnberger and Weber (1984)[103]

	VPS
	Co3O4 spinel and Raney Ni/Co3O4 (for anodic oxygen evolution), Raney Ni and Raney Ni/Mo (for cathodic hydrogen evolution)
	Cathode layers exhibited over voltages of 70 mV to 90 mV at 1 A cm−2 and 70°C in 25% KOH solution, whereas composite anodes (Raney nickel/Co3O4) showed overvoltage values of 290 mV at 1 A cm−2
	-
	-
	Schiller and Borck (1992)[104]

	VPS
	Mo-containing Raney Ni (for cathodic hydrogen evolution), Raney nickel/Co3O4 (for anodic oxygen evolution)
	For the preparation of Raney Ni coatings, a precursor Ni-Al alloy was sprayed that had to be leached subsequently in caustic solution to remove the Al content, forming a porous, high-surface-area Ni layer
	-
	-
	Schiller, Henne and Borck (1995)[105]

	VPS
	Ni-Al, Ni-Al-Mo
	Ni-Al-Mo electrode was more active in 25% KOH, Ni-Al electrode was more active in 1M NaOH; cell temperature: 70 °C; electrolyte: 1M NaOH and 25% KOH
	-
	-
	Miousse, Lasia and Borck (1995)[106]

	Wire arc spray
	Various Ni/Al ratios
	Low over voltages were related to the high porosity of the deposited coatings; cell temperature: 25 °C; electrolyte: 1M NaOH 
	-
	Mild carbon steel
	Fournier, Miousse and Legoux (1999)[107]

	VPS
	Ti-Ru-Fe-O (2-1-1-2) (i.e., mixing by ball milling of Ti, TiO, Ru and Fe2O3)
	Careful optimisation of the etching process could lead to the dissolution of all Ti2O3, leading to a high porous coating and can enhance electrochemical activity; cell temperature: 70 °C; electrolyte: Chlorate: NaClO3: 550 g/l, NaCl: 110 g/l, NaClO: 1 g/l, pH 6.5, adjusted with NaOH and HCl
	-
	Fe, Ti (with Ti/TiH2 interlayer)
	Irissou et al (2002)[108] 

	VPS (high-frequency)
	Ni—Al—Mo (NiAl5Mo2 (T), NiAl8Mo (G), NiAl7.5Mo1.5 (H), NiAl5Mo0.67 (I), 46%NiAl3 + 54%Ni2Al3 (B) and the mixtures 25–75% of T + B)
	Increase in real surface area along with catalytic effect of Mo, the Ni—Al—Mo coated layers were more active than those prepared by alloyed powder (heating Ni and Al powders) with similar compositions; cell temperature: 25 °C; electrolyte: 1 M KOH

	-
	-
	Birry and Lasia (2004)[109]

	Wire arc spray
	Ni-Al, NiTi-Al
	Increased activity for the hydrogen evolution reaction is due to an increased real surface area in case of the skeleton Ni electrodes and to the catalytic effect of Ti in case of the skeleton NiTi electrodes; cell temperature: 25 °C; electrolyte: 1M NaOH
	-
	Steel
	[bookmark: _Hlk79795192]Kellenberger et al (2007)[110]

	APS
	Raney Ni (Ni-Al (50:50))
	Best electrocatalytic activity towards HER was obtained for 100 μm thick coated electrode, with 96% efficiency at 300 mA cm−2 current density and 70 °C, attributed to very high electroactive area and enhanced kinetics on sprayed surface; cell temperature: 30-80 °C; electrolyte: 30% KOH
	30, 100, 300 µm
	Raney nickel
	Chade et al (2013)[111]

	APS (Ni), SPS (NiO)
	Ni, NiO 
	Higher surface areas were observed for all SPS deposits compared to those deposited using APS, attributed to the formation of fine porous agglomerates on the surface of the SPS coatings; electrolyte: 0.5M NaOH
	-
	Carbon steel 
	Aghasibeig et al (2014)[113]

	APS (Ni), SPS (NiO)
	Ni, NiO

	Addition of submicron-sized cauliflower-like aggregates by SPS on the rough and porous surface of the APS deposited coatings significantly increased the exchange current density and improved the electrocatalytic activity of the electrodes; electrolyte: 1M NaOH
	100 µm (APS); 10-40 µm (SPS) 
	Inconel 
	Aghasibeig et al (2016)[114]

	APS
	Raney Ni, Ni–Al
	Through hydrogen and temperature heat treatment of the electrode, an enhancement in the uniformity of Al distribution as well as adhesion of the coating to the substrate was observed; electrolyte: 1 M KOH
	-
	Ni
	Kim et al. (2018)[115], Kim et al. (2019)[116]

	Solid oxide water electrolyser (SOWE)

	APS (Al2O3), Flame spray (Ni), Low pressure APS (YSZ), flame spray (calcium or strontium-doped LaCoO3 or strontium-doped LaMnO3), APS (Ni-Al)
	Al2O3 (for sealing & preventing oxidation), Ni (cathode), YSZ (electrolyte), calcium or strontium-doped LaCoO3 or strontium-doped LaMnO3 (anode), Ni-Al (interconnect)
	Tubular cell design; cell temperature: 950 °C; electrolyte: YSZ
	Al2O3: 100 µm, Ni: 80 µm to 110 µm, YSZ: 100 µm, calcium or strontium-doped LaCoO3 or strontium-doped LaMnO3: 200 µm to 150 µm, Ni-Al: 250 µm
	-
	Hino et al. (1997)[117]

	APS
	LSM (La0.8Sr0.2MnO3) and LSCF (La0.6Sr0.4Co0.4Fe0.6O3) (cathodes), NiO+YSZ (fuel electrode), 9 mol% YSZ (electrolyte)
	LSCF showed enhanced electrochemical performance compared to cells with LSM. Water splitting voltage was reduced to 1.4 V at an operating temperature of 800 °C and to 1.28 V at 850 °C; cell temperature: 800 °C; electrolyte: 9 mol% YSZ
	NiO+YSZ: 50 µm, 9 mol% YSZ (40 µm),
	FeCrMnTi 
	Ansar et al. (2008)[118]

	APS (anode, cathode), VPS (electrolyte)
	Ni/YSZ (cathode), YSZ (electrolyte), LSCF (anode)
	Cell voltage during electrolysis operation at a current density of −1.0 A cm−2 was 1.28 V at an operating temperature of 850 °C and 1.4 V at 800 °C; cell temperature: 800-850 °C; electrolyte: YSZ
	Ni/YSZ: 50 µm, YSZ: 40 µm, LSCF: 30 µm
	Porous ferritic steel
	Schiller et al. (2009)[119]

	APS, screen printing
	Ni (bond layer) (steam/hydrogen side of separator plate), scandia-stabilized zirconia (electrolyte), strontium-doped manganite (anode), manganite-zirconia (inner layer), pure manganite (middle layer), cobaltite (outer bond layer), nickel-zirconia (cathode)
	Demonstrated straightforward scalability of the high temperature electrolysis for long term operation and hydrogen production; cell temperature: 800-850 °C; electrolyte: scandia-stabilized zirconia
	Ni: 10 µm, Scandia-stabilized zirconia: 140 µm, manganite-zirconia: 13 µm, pure manganite: 18 µm, nickel-zirconia (13 µm) 
	Stainless steel (interconnect)
	O’Brien et al. (2010)[59]

	APS
	Ni/NiO 50%–YSZ 50% (support electrode layer), Ni/NiO 25%–YSZ 75% (electrolyte transition layer), YSZ 100% (electrolyte), 50% YSZ–50% LSM (electrolyte-end transition layer), LSM 100% (end electrode)
	Fabrication of free-standing solid oxide cells exclusively by APS thermal spray without the need of using any porous metallic support; electrolyte: YSZ
	Ni/NiO 50%–YSZ 50%: 300–350 μm, Ni/NiO 25%–YSZ 75%: 100–120 μm, YSZ 100%: 100–120 μm, 50% YSZ–50% LSM: 80–100 μm, LSM 100%: 70–90 μm
	-
	Vardavoulias et al. (2021)[120]

	Thermochemical water splitting  (TWS)

	HVOF
	YSZ, Al2O3, Diamalloy 4006 (bond coat) 
	Inconel 625 substrate performed better than stainless steel AL6XN substrates; electrolyte: molten CuCl
	70 µm (YSZ); 70 µm (Al2O3)
	Inconel 625, super austenitic stainless steel or AL6XN
	Siantar (2012)[58]

	HVOF (for Diamalloy 4006)
	YSZ, Diamalloy 4006 (bond coat)
	YSZ coating with Diamalloy 4006 bond coat can provide better protection to the underlying base metal than only YSZ layer; electrolyte: molten CuCl
	-
	Medium carbon steel (1045)
	Azarbayjani, Rizvi and Foroutan (2016)[121]

	HVOF, APS
	Diamalloy 4006 (bond coat), super hard steel 9172 (bond coat), Al2O3, YSZ
	Porosities less than 1% should be tested in order to shield the substrate from the harsh CuCl environment; electrolyte: molten CuCl
	-
	-
	Azhar (2016)[122]

	HVOF (for Diamalloy 4006)
	YSZ, Diamalloy 4006 (bond coat)+YSZ
	Diamalloy 4006 with YSZ or Al2O3 top coating survived longer exposure to molten CuCl; electrolyte: molten CuCl
	-
	Medium carbon steel (1045)
	Naterer et al. (2019)[46]

	Photolysis  water splitting (PWS)

	APS, HVOF
	TiO2
	-
	-
	-
	Chen, Jordan and Gell (2008);[125] Mauer, Guignard and Vaßen (2013);[126] Zhang et al. (2013);[127] Dosta et al. (2016);[128] Wang et al. (2015);[129] Robinson et al. 92015);[130] Kumar et al. (2016);[131] Khatibnezhad et al. (2021);[132]

	APS
	ZnO
	
	-
	-
	Navidpour et al. (2017)[80]

	Photoelectrochemical (PEC) water splitting 

	APS
	ZnFe2O4:Fe2O3
	Solar-to-hydrogen conversion efficiency of 1.25% under simulated solar radiation with a hydrogen evolution rate of 99 μmol h−1; electrolyte: 1 M NaOH
	10 µm
	Stainless steel
	Dom et al. (2013)[133]

	Cold spray
	Cu2O, CuO
	Photocurrent densities of up to 3.1 mA/cm2; electrolyte: 1 M KOH
	-
	Indium tin oxide (ITO)-coated soda lime glass
	Lee et al. (2016)[134]

	Cold spray
	WO3, TiO2
	Highest photocurrents were observed for WO3 photoelectrodes in the potential range of 0.6–1.6 V, for TiO2 photoelectrodes in the low potential range from 0.0–0.6 V; electrolyte: electrochemical testing: 0.1 M KCl; Photoelectrochemical testing: 0.5 M (H2SO4)
	-
	Ti
	Haisch et al. (2017)[137]

	Cold spray
	Fe2O3 (followed by coating with ZnO and then TiO2 overlayers using atomic layer deposition technique)
	Photocurrent of Fe2O3 films (0.5 mA cm−2) improves significantly, to 4.25 mA cm−2, after their surface modification with an ultrathin ALD-based ZnO/TiO2 coating; electrolyte: 1 M NaOH
	-
	Indium tin oxide (ITO)
	Kim et al. (2019)[138]
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Figure 21. Mapping the thermal spray methods and feedstock materials used in various electrolyser types (authors original image).



Considering that post-processing of thermally sprayed layers is known to lead to changes in microstructure, phase constitution, etc.,[141, 142, 143]  some of which could be relevant for enhancing the attributes of a few of the coatings discussed above, not much work has been reported on this aspect in the context of coatings for electrolysers. Most commonly, thermal post-treatment (including laser irradiation) of coatings to refine microstructure and potentially enhance properties has been explored. Laser glazing of ceramic coatings has also been widely studied and demonstrated to yield a completely solidified, dense top layer with segmented cracks,[144] which could be suitable for SOWE and thermochemical electrolysers. This has the potential to enhance properties such as thermal shock behaviour and wear performance, as shown in the case of thermal barrier coatings.[145, 146] 

5.2 Advanced thermal spray methods
Due to the pivotal role that they play across virtually all industry segments, either in extending longevity of components operating in aggressive environments, enabling use of cheaper substrates or imparting specific key functionalities (as in case of electrolyser applications being discussed herein), cost-effective coatings have always been considered strategic and consequently been the subject of incessant development. The explicit advantages of thermally sprayed coatings over other methods, such as ability to be deposited over a wide range of thickness (from tens to hundreds of microns) onto complex component geometries without the constraints typical of in-chamber processes, and at comparatively lower costs, have been widely acknowledged. As a result, thermal spray variants like HVOF and APS are already entrenched on many production shop-floors. The resulting familiarity of industries with thermal spraying makes these methods well-suited for exploring new applications. In this context, the past couple of decades have seen particularly noteworthy advancements in terms of thermal spray equipment/ processing as well as new feedstocks for coating that could be gainfully harnessed for water-splitting electrolysis applications. Some of the prominent developments are discussed below.
In APS and HVOF coatings, the in-situ thermal ‘degradation’ of feedstock in the form of oxidation, decarburization, etc. is detrimental for many applications. There is also the possibility to vary porosity by other routes. The relatively recent emergence of supersonic high-velocity air-fuel (HVAF) spray process is an important development in this context.[147] HVAF involves much lower gas temperatures and considerably higher gas velocities compared to HVOF. Consequently, it causes begligible thermal degradation of feedstock while also being capable of yielding nearly fully dense and extremely well-adherent coatings because of the high particle velocities at impact. Thus, it appears capable of overcoming certain key limitations of APS, HVOF and cold spray methods, thereby offering new opportunities with both technical as well as economic merits.[148] HVAF spraying can utilize different nozzle configurations to obtain optimum coating properties. A process like HVAF is clearly promising to be explored for all metallic coatings considered appropriate for electrolyser applications, such as Ti, Ni, NiAl and Ni-Al-Mo mentioned in Table 2.
Examples in Table 2 already suggest the ability to use suspensions as feedstock has opened prospects for spraying nano- and sub-micron sized powders by suspending them in a suitable medium, most often water or alcohol. As elimination of the solvent from the injected suspension constitutes an added step involving additional thermal energy, nearly all initial efforts utilizing suspensions involved use of plasma spraying and hence the term suspension plasma spraying (SPS) has been more common. The SPS approach can yield many different almost tailored coating microstructures ranging from porous, dense vertically cracked, columnar or nearly fully dense.[149, 150] Prior work has also demonstrated that the suspension route can lead to refined coating microstructures and improved performance.[151] The refined coating structure is attributable to the fact that very fine powders (100 nm–2 μm particle size) are utilized to prepare suspensions while conventional ‘coarse’ spray grade powders used for APS and HVOF are typically 10–100 μm in size. This leads to splats in case of SPS being nearly two orders of magnitude smaller than in traditional powder-derived coatings and, since the splats are the building blocks for coating formation in thermal spraying, to a refined microstructure. 
Another variant of plasma spraying using liquid feedstock is solution precursor plasma spraying (SPPS), in which suitable precursors that can form the desired particles in-situ are prepared using metal salts.[21] In this technique, precursors involving solutions of metal salts such as acetates, nitrates, butoxides, isopropoxides, etc., in an appropriate solvent (usually water or alcohol, as in the case of suspensions) have been typically used.[152, 153] Various steps, such as break-up of injected droplets, evaporation of solvent, precipitation of solute, gelation, pyrolysis, sintering and melting, are postulated to be involved in eventual coating formation starting with an injected precursor droplet.[154] Apart from circumventing the problems associated with feeding of fine and typically expensive powders, a specific benefit of this route lies in its immense flexibility to rapidly evaluate novel precursor compositions and their combinations. Good control over deposit chemistries utilizing SPPS has also been demonstrated.
A vast majority of early research involving use of suspensions and solution precursors was focused on thermal barrier coatings and involved plasma spraying. However, greater process understanding and growing realization of the unique coating microstructures and superior properties that can accrue has led to a spurt particularly in suspension thermal spray research. SPS research has led to successful deposition of different chemistries apart from yttria stabilized zirconia (YSZ), such as hexaaluminates, garnets (e.g., yttrium aluminum garnet), zirconate based perovskites and rare earth zirconate based pyrochlores, with some multi-layer architectures also being explored.[155, 156, 157] These and other research efforts have contributed to generating new knowledge that allows for considerable control over SPS-derived coating microstructures. By virtue of enhanced process familiarity, the SPS route has also been used to explore a host of other material chemistries mainly spanning oxides and carbides, sometimes with incorporation of a second phase in the form of carbon nanotubes or graphene.[158, 159, 160, 161]   
Similarly, SPPS too has been explored beyond the domain of TBCs and shown to provide a facile route for producing a wide array of functional oxide ceramic coatings. This has included a wide range of oxide like TiO2-based photocatalytic coatings[125, 131] as well as many others such as ZnFe2O4,[133] ZnO,[162] and Dy:YAG,[163] CeO2,[164] CuO-Al2O3-ZnO,[140] LaSrMnO3,[165] NiO-YSZ,[166] Ce-doped Ba(Zr0.2Ti0.8)O3,[167] etc. are all considered as potentially candidate coatings for catalysts in electrolysis applications. Some other SPPS studies relevant in the present context have involved deposition of a catalytic CuO/ZnO/Al2O3 layers for PEM fuel cells,[140] SOFC anode and cathode coatings of Ni-YSZ and LaSrMnO3,[165, 166] as well as others such as Co3O4,[168] V2O5,[169] etc. All of the above chemistries are also amenable for SPS deposition. Additionally, there is a growing interest to explore emerging materials such as high entropy oxides, composite pyrochlore oxides and flourite structured oxides, which exhibit high chemical stability and also exhibit catalytic activity at high temperatures.[170, 171, 172, 173, 174]    
The above examples suggests that the new liquid feedstock route could open new vistas for electrolyser-relevant coatings. In the context of liquid feedstock thermal spraying, it is also relevant to point out that a growing number of reports on suspension and solution precursor spraying using HVOF torches (termed s-HVOF) present further possibilities to create novel coatings with unique microstructures.[175, 176, 177] While the utility of liquid feedstock thermal spraying for niche applications was always evident, the recent availability of axial-feed capable plasma spray systems in particular can be seen as a game-changer for these coatings. The significant enhancement in deposition efficiency and throughput made possible by the improved thermal exchange between the plasma plume and the axially-fed liquid feedstock has served to largely eliminate prior concerns regarding relevance of this route for large scale production by demonstrating the ability to attain deposition rates comparable with traditional powder-derived coatings. 
More recently, use of a ‘hybrid’ feedstock combining a suspension or a solution precursor with a conventional spray-grade powder has also been proposed and found to be a novel method for realizing coatings with unusual microstructures. The above approach enables distinct constituents with vastly different relative length scales (usually 10–100 μm in case of powder feedstock, and approximately 100 nm–2 μm in case of suspensions or in flight formed particles derived from solution precursors) to be conveniently combined. The unique microstructures are a consequence of powder and liquid feedstock derived splats differing by more than an order of magnitude in size, leading to a combination of coarse-ﬁne features. One possible arrangement for independently controllable feeding of powder and liquid feedstocks, with possibility to also completely shut off either feed, is illustrated in Figure 22. Suitable variations in the depicted arrangement to permit both the powder and the liquid to be fed radially, or one axially and the other radially, are conveniently possible. Both suspensions[24] and solution precursors[19] can be utilized with equal ease in such a hybrid configuration. Depending upon how the powder and liquid feedstocks are introduced during such ‘hybrid’ spraying, varied coating architectures  can be realized such as layered (with sequential feeding), composite (with simultaneous feeding with constant feed rates) or functionally graded (with simultaneous feeding, involving progressively varying relative feed rates), as desired for the targeted application.[24] Deposition of coatings utilizing suspensions as well as solution precursors in tandem with conventional spray powders has been demonstrated in separate studies.[178, 179, 180] Recently, the possibility of extending such a hybrid deposition approach to HVAF process has also been demonstrated.[181, 182, 183] Thus, it is apparent that the above approach offers immense flexibility and can be conveniently utilized to spray unique material combinations without relying on commercial availability of such chemistries to be commercially available as spray-grade feedstocks. This can be particularly relevant while exploring new coating systems for potential electrolyser applications. 
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Figure 22. Schematic representation for depositing composite coating through hybrid powder plus solution precursor based feedstock (note: removing the powder injector will allow solution precursor driven deposits) (authors original image). 

5.3 [bookmark: _Toc91197297][bookmark: _Toc100443062][bookmark: _Toc104116066][bookmark: _Toc104116199]Designing advanced catalytic materials and effect of their dimensionality
The catalyst material’s design is the core technology of hydrogen production by electrolysis to reduce energy consumption and increase production yield. It is to be noted that the catalyst materials dimensions are highly effective to enhance the rate of reactions and selection of reaction (selectivity) under mild conditions.[184] There are many aspects like catalytic material surface, materials support, and the electron transfer between the catalytic surface and an adsorbed molecule, which tailored the Fermi energy level of catalyst materials. The researchers are modulating the properties of catalyst materials by additive mixing of other materials, which directly affect the Fermi energy level, stability, and surface structure. Except for additive mixing, the nano-dimensions are also playing a major role in catalytic activity such as 0D (nanodots or nanoparticles), 1D (nanotubes or nanorods), 2D (nanosheets) and 3D (bulk materials). The materials having at least one dimension lying in the range of 1-100 nm differ in the properties compared to their counterparts. The spatial confinement directly affects their properties by virtue of quantum confinement which can tune the optical/catalytic and other related material properties.[185] The energy level vs density of state (DOS) for different structures (1D, 2D, 3D and bulk) are shown in Figure 23.[186] As the structural dimension decreases, carrier (electron/holes) movement is restricted in the corresponding directions. The bulk materials show continuous energy band. However, the nanomaterials show discretisation of energy levels, which is the cause of different behaviour of nanomaterials compared to their bulk materials. The facet of a crystal also has different catalytic properties because each facet has different dangling bonds and atomic terminations, and thus different electron densities. Consequently, the interaction of facet surface with adsorbed molecules is different. Modern catalytic science by combining with nanoscience has pushed the boundaries of bulk catalysis to single atom catalysis.[187] In the context of thermal spray, retaining nanomaterials/nanostructure during spray is a challenging task due to the presence of high tempetature and kinectic energy. However, the post processing (after thermal spray coating) like dealloying can create nanoporosity, which directly affect the catalytic activity due to surface area enhancement.
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[bookmark: _Hlk115814117]Figure 23. Density of state (DOS) vs energy variation of a material with different dimensionality (authors original image). 

The Fermi energy level of catalyst materials is an essential factor for the interaction of catalyst materials and adsorbate. It can be tailored by the addition of different dopants, different catalyst support, etc. The catalyst support changes the catalyst material’s Fermi energy level due to charge re-distribution. A higher Fermi energy level support can make catalyst negatively charged, and lower Fermi energy level support can make positively charged catalyst to facilitate the reactions. Therefore, the binding energy of the adsorbate is tailored for every catalyst material. Suppose the pure materials planar surface have similar binding energy and similar active sites all over the surface (each atom have similar neighbours).[188]
On the other hand, the binary alloy has a planar surface with two types of active sites due to two different metallic elements and the third one at both elements interfaces. However, the increasing number of elements, increases the active sites along with their binding energy of each site (as shown in Figure 24(a)).[188] For example, quinary concentrated solid solution (high entropy alloy (HEA)) has different number of active sites with different binding energy. The addition of multielement creates the favourable/unfavourable synergetic active sites for catalytic reaction (Figure 24(b)), and a catalytic material can be used for multi-catalytic reactions.[189] 
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Figure 24. (a) Variation in the binding energy of the active sites with the addition of the number of elements (reproduced under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs license),[188] Copyright (2021), Wiley, and (b) different synergetic sites with an increasing number of elements (reproduced with permission).[189] Copyright (2021), Elsevier. 

The pure noble metals such as Pt, Au, Ag, and Rh are good catalyst materials but due to their high-cost, researchers have devoted themselves to finding alternatives such as transition metals and their alloys (binary, ternary, quinary and high entropy alloys (more than or five elements and each contribution <5 = <35 atom %). Most transition metal catalyst alone suffer from electrochemical dissolution in acidic/alkaline media.[190] Nevertheless, metallic materials can be deposited by thermal spray coating techniques on a large scale/industrial scale.[191]  Some metals are known for the lower efficiency of hydrogen evolution, but their alloy works better. For example, Ti and Cu are known as poor catalyst for hydrogen evolution reactions, but their combination works better at mild overpotentials.[192] The porosity in the catalyst materials enhances catalytic efficiency due to increased surface area. The dealloying process can be used to make electrodes porous after depositing by thermal spray techniques. 
Lu et al. (2015)[192] have prepared bi-metallic catalyst Cu-Ti by arc melting followed by melt spinning. The hierarchical nano-porosity was created by the selective dealloying process, as shown in Figure 25(a-b). The hierarchical nano-porosity played a significant role to increase the catalytic activity compared to bulk Cu and alloy, as shown in Figure 25(c) by Lu et al. (2015).[192] The new concept of high entropy stabilized alloys as catalytic materials has gained prominence. They are under the wide area of designing and exploration on the laboratory scale for many catalytic reactions.[193, 194, 195, 196, 197] The unique feature of HEA is that the atomic mixing of many metals, can tune the catalyst for different reactions or one catalyst can work for many responses because several atoms over the surface presents wider possibilities of different active sites for the adsorbate.[189] Another unique feature of the high entropy alloys is that they are highly corrosion resistant. Therefore, it is also stable in a harsh environment or during the electrolysis of water.[198] 
Cai et al. (2021)[199] designed ultra-high entropy nano-porous alloy catalyst for water splitting using Al, Ag, Au, Co, Cu, Fe, Ir, Mo, Ni,  Pd, Pt, Rh, Ru, and Ti by dealloying method (i.e., Al87Ag1Au1Co1Cu1Fe1Ir1Mo1Ni1Pd1Pt1Rh1Ru1Ti1) and claimed this to be superior to IrO2 and Pt/graphene. There are some obstacles in powder preparation techniques of such catalyst, as thermal spray requires a metallic powder to be sprayed over the electrode to be deposited, but this type of catalyst suffers from phase separation or intermetallic formation during atomization (during powder preparation). Nevertheless, preparation of HEA by mechanical alloying provides the nano powder of the catalyst and overcome such phase separation.[200] 
Sharma et al. (2021)[201] designed a low-cost catalyst, easily scalable material for oxygen evolution reaction using transition metal elements and it worked at a reduced overpotential of 370 mV at a current density of 10 mA/cm2 (Figure 25(d)) The metallic powder was prepared by mechanical milling at extremely low temperature as per the scheme shown in Figure 25(e). Cryomilling or milling at an extremely low temperature provides ultrapure nanocrystalline powder, as it protects the materials from oxidation and minimize the debris from the milling tools.[202, 203, 204] The Ir metal is known for the best catalyst of water splitting but it is a costly material. Jin et al. (2019)[205] designed Ir based HEA catalyst to replace the Ir metal (pure) and diluted Ir content by mixing high abundance transition elements which is better for oxygen evolution reaction activity compared to well know Pt/C-IrO2 catalyst. The designed HEA metallic catalyst material with nano-porosity AlNiCoIrMo is highly stable under an acidic environment. As summarised avbove, there are many different catalytic materials that have been designed and to be designed using different metallic elements and some examples have been presented to illustrate the concept and their suitability for thermal spray deposition for the electro splitting of water for H2 generation. 
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Figure 25. (a) Hierarchical nano-porous Cu-Ti alloy (reproduced under the terms of the Creative Commons CC-BY license),[192] Copyright (2015), Springer Nature, (b) higher magnification of Hierarchical nano-porous Cu-Ti alloy (reproduced under the terms of the Creative Commons CC-BY license),[192] Copyright (2015), Springer Nature, (c) comparison of hierarchical nano-porous Cu-Ti alloy with other catalyst materials (reproduced under the terms of the Creative Commons CC-BY license),[192] Copyright (2015), Springer Nature, (d) overpotential comparison of pure, binary, ternary and HEA alloys for the OER reaction (reproduced with permission),[201] Copyright (2021), Springer Nature, and (e) a schematic nanocrystalline HEA powder preparation for OER reaction (reproduced with permission).[201] Copyright (2021), Springer Nature.

5.4 [bookmark: _Toc91197288][bookmark: _Toc100443063][bookmark: _Toc104116067][bookmark: _Toc104116200]Potential application of perovskites using thermal spray techniques
[bookmark: _Hlk100506864]Not much work has been reported, but manufacturing of perovskite active catalysts using thermal spray coatings can be a novel approach.[206, 207, 208] Perovskites are ABO3 type materials existing in either oxide phase or the solid solution phase (where A is a rare-earth or alkaline earth element and B is a transition metal, with the ability to substitute into the A and B sites elements of varying valency).[209, 210] Perovskites are semiconducting materials that can absorb and emit light for various applications in optoelectronics. In alkaline energy storage and conversion systems, perovskites are also attractive candidate materials, as such materials can have high structural stability, high ionic and electronic conductivities, good resistance against electrolytic corrosion, high activities for both oxygen evolution and oxygen reduction reactions, electronegativity or ionic size to tune the structural, physical and electronic properties of the catalyst.[209] In solid electrolytes (e.g., oxygen ion-conducting (O-SOWEs) and proton conducting (H-SOWEs) which operates at high temperature) need to be dense to avoid gas transportation between a cathode and an anode as well as chemically and physically compatible with electrodes, application of perovskites can be useful.   
Certain perovskites are known to be able to conduct protons at intermediate to high temperature ranges.[211, 212, 213] For example, the electrolyte materials in proton conducting (H-SOWEs) are perovskite-related structure (ABO3) oxides, where A = Ba, Sr, Ca; B = Ce, Zr. These materials can enable SOWEs to operate at a reduced temperature range (400 – 700oC). To promote protonic conductivity it is common to substitute the B site with M3+ ions, such as Y, Nd, Sm, Yb, In, Eu, Gd that form oxygen ion vacancies to increase the movement of protons.[214] It has been proved that BaCeO3- and BaZrO3-based electrolytes have better hydration capacity and higher protonic conductivity compared with Sr/CaCeO3- and Sr/CaZrO3-based oxides (Wang, Medvedev and Shao, 2018).[215] Also, for oxygen ion-conducting (O-SOWEs), there are some traditional electrolytes, such as stabilized zirconia, ceria-based oxides, doped LaGaO3 and apatite-type structures with composition La10−x(SiO4)6O2±δ (note: x and δ mean the vacancies formed of the corresponding atom in the perovskite crystal lattice due to the introduction of the dopants). 
 Therefore, depending on the electrolyser types and catalyst layer requirements, some functional features  of perovskite materials can help enhance electrolysis of water e.g., metal and non-metal doping can enhance visible spectrum activity, highly crystalline and small particle sizes can offer shorter migration distance for the charge carriers (leading to efficient charge separation). The addition of carbon can increase charge separation and visible-region activity. Introducing carbon can change the dispersion of charges leading to the migration of charges to the catalyst surface leading to higher evolution of hydrogen, due to the availability of free electrons Ag dopant can lead to efficient charge separation excited by the visible light photons and higher hydrogen evolution. Smaller particle sizes with higher crystallinity and surface area can lead to higher availability of sites for photocatalytic activity. Free electron surplus within the lattice could play a role in increasing the activity of the material).[210, 216] While the incorporation of perovskite materials using thermal spray techniques is possible for electrolysis applications, but the practical issue remains with perovskite materials, such as its appropriateness (sprayable/flowable) for the specific thermal spray technique. Suspension or solution spraying (SPS, SPPS), as well as hybrid spraying is also possible, where the combinations of powder with suspension, powder with solution, and suspension with the solution can be deployed[20, 178, 217] to have desirable catalyst coatings.  

5.5 [bookmark: _Toc104116068][bookmark: _Toc104116201]Challenges in electrolysis modelling
Prior knowledge of properties of materials (such as mechanical, chemical, thermal, electrical, electronic, etc) is necessary to develop strategies for the structural design, material selection, and manufacturing of components in an electrolyser. Since thermal spray coatings are multi-layered structures with heterogenous features consisting of materials or phases, therefore, various non-experimental modelling approaches (such as analytical, numerical, and computational) may be a cumbersome task. While there is a lack of such modelling-focused analysis, i.e., cross-property relations, their development serves as a useful tool in designing coated components with enhanced performance for electrolysis.  
Various modelling approaches for electrolysers could help benchmarking various functionalities and should be validated against the experimental findings. As expected, various electrolysers are made of different components with their specific functions and operations. The materials, components, and processes happening in the electrolyser dictate the voltage value and its stability and thus affect the efficiency of the electrolyser. The electrocatalysts determine the reaction kinetics and an efficient catalyst could help lower the activation overpotentials for the OER and the HER. Therefore, it is important to understand the OER and HER activation barriers of different catalysts. As an example in PEM electrolyser, the porous structure of the catalyst layer (CL) and the porous transport layer (PTL) determines the flow and mass transport of gas and water, which are linked to the operational conditions. For example, a higher oxygen generation rate at high current density for a high hydrogen production rate could block the PTL for water to flow into the reaction sites at the CL. Moreover, the mass transport processes through the PTL and the flow channels (in the current collectors) could cause voltage instability and affect the electrolyser efficiency. Therefore, it is important to appreciate the gas-liquid flow and mass transport processes within the porous CL and PTL. The ohmic resistance in the membrane depends on the water saturation, as well as the polymer membrane properties. It is crucial to understand the ionic conductivity of the membrane, and the behaviour of the membrane under different operating conditions. Another phenomenon that could occur to affect the electrolyser performance and lifetime is hydrogen embrittlement of metal materials, which are common in all electrolyser types. 
There is a need to use a holistic multiscale modelling approach to support materials and component design within the electrolysers, and provide fundamental understandings of the multiple physical and chemical processes. Depending on electrolyser types, atomic-scale density functional theory (DFT) and molecular dynamics (MD) simulations can be useful to understand hydrogen embrittlement and its effect on the properties of metals, which are important to the electrolyser lifetime. DFT simulations can be used to calculate the OER and HER activation barriers of promising and novel electrocatalysts and understand the effects of their electronic and atomic structures on the catalytic activities, which are crucial to electrolyser performance.[218, 219, 220, 221] Molecular-level MD simulations can be used to study both membranes (e.g., in PEM and AEM electrolysers), derive important properties such as ionic conductivity and diffusion coefficient, and understand the membrane's behavior under different operating conditions.[222, 223, 224, 225, 226] Meso-scale models of the 3D porous electrodes (including CL and PTL) can also be developed based on the lattice Boltzmann method, to understand the multiphase flow and mass transport of gas and water in the electrode, and the effects on electrolyser performance, and to help design novel electrode structures to reduce mass transport resistance and improve electrolyser performance.[227, 228, 229, 230, 231] Finally, macro-scale modelling based on computational fluid dynamics (CFD) and finite element methods can be useful to simulate whole electrolyser cells, including different components, electrodes, membranes and current collectors, to predict electrolyser performance and optimise electrolyser components and operating conditions.[232, 233, 234]  
The macro-scale multiphysics modelling of the hydrogen production requires correct representation of the fluidic, mechanical, thermal and electrochemical parts of the process to allow proper exploration of the vast multi-parametric space.[235, 236] As for any multiphysics simulation, mesh independence, convergence tests, validation for each physical part of the problem separately and for the full models are required, including setting up a benchmark case, similar to simulations by Turek and Hron (2006)[237] in the fluid-structure interaction. A separate challenge in the area of multiphysics simulations is related to the use of existing design optimization solvers[238] and the development of the new design optimization techniques.
Multiphysics models can be distinguished by the type of coupling among the model components: decoupled processes, monolithic models, one-way coupled, two-way coupled, or models with a mixed type of coupling, when the system is complex and different elements are linked in a different manner. The challenge of a correct coupling is also in a careful selection of the solution steps for each computed physical process. The type and details of coupling in the model should be confirmed based on the systematic validation.
Apart from the modelling scales, simulation methods for fluids and structures in general can be grouped by the degree of representing the physics of the problem. The computational fluid dynamics (CFD) and finite element analysis (FEA) methodologies provide a detailed view on the physical processes and, therefore, are relatively independent from published experimental datasets in order to  make predictions for an arbitrary set of input parameters. Following the range of models available for the fluids modelling, it is reasonable to expect in the future a development of modelling solutions for the hydrogen production of a phenomenological nature, where the actual physics of the problem is simplified up to the essential variables only, supported by a number of expressions or constants based on the available published data. Phenomenological models combine the advantages of reducing the model and input complexity and providing accurate results for selected characteristics.
Data driven artificial intelligence (AI) approaches are providing newer avenues for physics simplification and can be generally divided into the physics-informed neural networks, retaining the basic governing equations,[239] and the purely data-driven approaches working with the case parameters and the training-testing data only.[240] These models deliver highly accurate results in a timely manner and for any set of input parameters. However, these advantages are often accompanied by the demanding training and validation stages. The models based on neural networks or simplified physics (phenomenological) naturally have strong connections to specific datasets used for their development, improvement or training, so may not be fully reliable when used on a very different initial dataset or for extreme conditions.
At the current state of the art of the hydrogen production modelling, CFD- and FEA-based coupled multiphysics models can be considered as very flexible and advantageous for the purpose of accumulating more data on this complex phenomenon for challenging conditions,[234] such as high temperatures, high pressures, complex reactions, short time frames, etc.

5.6 [bookmark: _Toc104116069][bookmark: _Toc104116202]Data analytics approach
It is clear that research has progressed significantly to improve catalysts performance through development of new candidate materials and/or using range of manufacturing/processing routes. However, further research is needed to achieve manufacturing thinner catalysts, higher efficiency, and durability. This will require the application of advanced material selection tools (e.g., material informatics) as well as advanced processing techniques. As extracted from Oerlikon Metco Thermal Spray Materials Guide (2018),[241] by Viswanathan et al. (2021)[86] in Figure 26, more broader approach could help in feedstock material selection and thermal spray techniques. The Figure 26 indicates that if energy is spent on powder manufacturing, means less energy can be spent on the coating process and vice-versa. This could be further analysed via data analytics (after extraction of data from all manufacturers of thermal spray grade feedstock materials), i.e., historical data gathering and analysis of various electrolyser devices from published literature followed by data classification (e.g., materials – coating/substrate and their properties, manufacturing techniques, process parameters, operating conditions, types of electrolysers, electrolysis performance indicators, availability or materials, cost-effectiveness, stability at varying pH levels, corrosion conditions, life cycle, compactness, etc.). 

[image: Fig. 8]
Figure 26. Relationship between energy required during feedstock powder synthesis (e.g., melting, drying, cladding processes) and during thermal spray coating (note: illustration are for 5 µm to 200 µm powder particle size range depending on the material and process (reproduced under the terms of the Creative Commons CC-BY license).[86] Copyright (2021), Springer Nature. 

As shown in Figure 27, such research should include the integration of historical data leading to the creation of a machine learning (ML) based predictive tool with the provision to investigate efficiencies at desirable operating conditions. This can then be followed by a sensitivity analysis of the catalyst’s performance with respect to the manufacturing techniques and materials to identify optimal techniques for chosen electrolysis applications. It also needs to be investigated further, i.e., mitigating the degradation mechanism of catalysts during operation and maintaining the efficiencies.
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Figure 27. Data analytics approach in electrolysis (authors original image).

5.7 [bookmark: _Toc104116070][bookmark: _Toc104116203]Degradation analysis considerations, challenges and opportunities
Efforts are being made to enhance the overall properties required for various components of electrolysers, especially: (i) extended stability, (ii) compatibility with chemicals, (iii) minimising thermal expansion coefficient difference, (iv) lowering the internal electrical resistance and polarization at the interface between electrodes and electrolyte, and (v) enhancing mechanical strength of the supporting components. Considering various requirements, the development of appropriate coatings for key components for electrolysers are very much required. 
Failure investigations of electrolysers have found deformation, fracture, delamination of the material due to the asymmetric material configuration, extension of a small defect which can be accidental during fabrication, and thermal, chemical, and mechanical stress generation during operations. These failures eventually degrade the performance of the cell over time and eventually lead to system failure. The development of characterisation and modelling tools for the analysis of electrolysers is essential for the design process. However, these tools must also include coupling between the mechanical, fluid, thermal, electro-chemical, and structural behaviour. For thermo-mechanical and electro‐chemical reasons, it is preferred to keep the coated layers as thin as possible, which implies that the cells are more susceptible to damage during production, assembly, and operation. Sensor-based instrumented mechanical testing and materials characterisation (e.g., elastic modulus, hardness, fracture toughness, adherence, etc.)[242, 243, 244] are required to optimise the support sections of the electrode/electrolyte/membrane/transport layer system while maintaining highly active areas. 
Investigation into residual strain in catalysts (induced during thermal spray coating deposition) is needed to assure strong adherence with the substrate.[245, 246, 247] Since thermal energy from nuclear power and solar heat generators can enhance the electrolysis process (e.g., in solid oxide electrolysers) and can produce more hydrogen per kWh of input energy, the investigation is needed to look into the residual strain of catalysts while testing at a range of temperatures, pressures, pH levels, mechanical loads, etc. Processes like these can also very well be studied using simulation based approaches involving continuum mechanics [248, 249] and also molecular dynamics approaches.[250] 
[bookmark: _Hlk115905553]Some of the critical reviews stimulates knowledge related to the latest scientific strategies and industrial developments, as well as challenges encountered in the different domains of water electrolysis.[251, 252] Despite the numerous challenges faced while developing critical and vital constituents in electrolysers, there are many new research opportunities for scientists to develop new, highly efficient materials and manufacturing methods and endeavour to lower our greenhouse gas emissions. 

6. [bookmark: _Toc91197302][bookmark: _Toc100443065][bookmark: _Toc104116071][bookmark: _Toc104116204]Concluding remarks and prospects
A range of thermal spraying techniques have been used to fabricate layers (e.g., catalysts (anode/cathode), electrolyte, membrane, transport layer, and bipolar plates) for hydrogen production by splitting of water. In all such investigations, the spraying parameters and a number of spray passes were developed and optimized with varying levels of porosity, roughness, splats size and microstructures, largely to maximize apparent surface area of catalysts. Though with only a few examples, the application of modern suspension or solution based thermal spray techniques resulted in catalysts surface with broad surface microstructures (micrometre to nanometre) and enhanced specific surface areas. While exploring coating solutions for electrolysis, liquid feedstock based spraying appears more cognitive on account of fine sized splats, microstructure control, thin coating, suppressed grain growth, retention of starting phases etc. Nevertheless, the choice of solution precursor based spraying potentially stands to provide added advantage through the versatility in exploring range of coating chemistry and flexibility to deposit coatings with higher surface area. Solution precursor plasma spraying (SPPS) process opens up new avenues for developing compositionally complex functional oxide coatings and by means of hybridizing with powder injection system, allows composite metal/alloy/ceramic and ceramic films as well. 
In most of these investigations, it was observed that thermally sprayed catalysts characteristics provide a large active surface area for the hydrogen evolution reaction. It has been demonstrated that thermally sprayed catalyst coatings with micrometric sized features promote the departure of the bubbles, and the nanometric sized microstructural features facilitate easier electron transfer by providing more reaction sites. Additionally, the catalysts could also exhibit hydrophilic behaviour which generally facilitates the separation of bubble from the surface as the electrolyte is more likely to replace the gas bubbles. Subsequently, the catalysts with optimized surface morphology and roughness (with the largest specific surface area) have exhibited the highest electrochemical performance for hydrogen evolution.
While fabricating catalysts for hydrogen production, it has been a common practice to enhance the electrocatalytic activity of the electrodes by using a complex mix of materials as well as enhancing the surface area (e.g., using wire mesh screen during spraying leading to blocks of coatings) to further enhance the active surface area. The changes in spray angle (normal and off angle) to the substrate can also help unique microstructures (i.e., providing a larger active electrode surface area) which lead to an increased rate of the hydrogen evolution reaction. Such a phenomenon also facilitates detachment of the hydrogen bubbles from the surface of the catalyst. Varied temperature, i.e., high temperature (in APS), leads to fully melted feedstock particles, relatively less temperature (in HVOF), leads to partially or un-melted feedstock particle, whereas near room temperature (i.e., cold spray), leads to minimal oxidation with highly deformed feedstock particles. Therefore, coatings with flattened particles (fully, partially, deformed) can be easily developed which leads to different surface microstructures and roughness depending on spray techniques and process parameters. The spray techniques and process parameters could also lead to varied through-thickness residual stresses (e.g., compressive) which in turn could impact thermo-mechanical properties and electrocatalytic activities, but this aspect has never been investigated.
Except for a few examples, not much research has been carried to investigate the life cycle as well as long-term structural stability of the catalysts. As of now, electrolyser catalysts present some inherent challenges. Low mechanical strength, and electrode deterioration (corrosion, cracking, reduced residual strength), and the effect of high operating temperature (e.g., for solid oxide-based electrolysers) represents some of these inherent challenges. To summarise, almost any metallic, composite, cermet or ceramic materials that melt without decomposing can be used to produce a coating (e.g., thermal spray, cold spray). Typical coating thicknesses range from 0.05 to 0.5 mm. Thermal spray coating techniques can help spray nano-structured or micro-structured powder materials where a range of microstructure (e.g., porosity, crystallographic texture, phases, anisotropy, strains) can be controlled using appropriate process parameters. This review, therefore, indicates that a range of feedstock materials and thermal/cold spray coating techniques can play a key role in providing a scalable manufacturing route to current and next-generation catalyst for electrolysers. Also, to meet the specifications of current and future electrolysers, improved or new components based on selected materials and new surface designs with enhanced surface area (e.g., metasurface) are required. Looking into the feedstock materials used, potential feedstock material have although not been used, but there is no reason why they cannot be used.
There is also a need to develop a method or protocol in the field of materials used in all electrolysis types leading to the development of green hydrogen production informatics, for materials discovery. This should include electrolyser material data gathered from open access followed by data classification (i.e., numerical, categorical, time-series, text). Creating machine learning (ML) predictive tool is also important to analyse the sensitivity of the electrolyser performance with respect to materials, manufacturing, and electrolyser types. This can provide best possible combinations of potential candidate materials before experimental testing. This could be carried out by developing an algorithm that can read the data, create dependent and independent data sets based on associated features, splitting the data in training, and testing sets, training the model using the algorithm, evaluating the classifier, and choosing the classifier with the most accuracy. One can then investigate the relationship between materials and information by applying combinatorial chemistry, material property, manufacturing, structure-property relations, materials data management and product life management, leading to meta data generation to create value chain at each data points for future generation electrolysers. It is also crucial to optimise materials with good performance, low cost, and physical and chemical stability, including the need of rigorous modelling and simulations to understand the principle of functional layers for enhanced hydrogen production by splitting water. 
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This is an extensive review on the application of thermally sprayed coatings with functional properties for electrolysers. Such coatings are critical and vital constituents (as catalysts (anode/cathode), solid electrolyte, and transport layer, including corrosion-prone parts such as bipolar plates) of the water splitting electrolysis process for hydrogen production. 
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- Raney Ni and Raney Ni/Mo (for cathodic
hydrogen evolution)

+ Mo-containing Raney Ni (for cathodic
hydrogen evolution)

+ Co304 spinel and Raney Ni/Co30, (for anodic
oxygen evolution)

+ Raney nickel/Co304 (for anodic oxygen
evolution)

+ Ti-Ru-Fe-O (2-1-1-2) (i.e., mixing by ball
milling of Ti, TiO, Ru and Fe,03)

-« Ni—Ai—Mo (NiAlsMo, (T), NiAlgMo (G),
NiAl; sMoj 5 (H), NiAlsMog ¢ (), 46%NiAl; +
54%Ni,Al; (B) and the mixtures 25-75% of
T+ B)

Thermochemical water splitting

- YSZ

- ALO,

- Diamalloy 4006 (bond coat)

+ Super hard steel 9172 (bond coat)

Photoelectrochemical (PEC) water

splitting

+ ZnFe;04:Fe;05

- Cuy0, CuO

- WO;

. TiO,

+ Fe,03 (followed by coating with ZnO and
then TiO, overlayers using atomic layer
deposition technique)
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