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ABSTRACT: 

Development of novel technologies for catalyst synthesis and membrane electrode assembly 

(MEA) fabrication is of primary importance for further improvement of the performance and 

economics of proton exchange membrane fuel cells (PEMFCs) and proton exchange membrane 

water electrolyzers (PEMWEs). While the traditional manufacturing methods are time-consuming, 

energy intensive, and require many processing steps, the new vapor-based methods provide many 

benefits including the development of improved catalysts and catalyst supports, deposition of 

uniform thin films, reduction of catalyst loading, and minimizing the number of manufacturing 

steps. Recent publications in the field identified spray pyrolysis, reactive spray deposition 

technology, chemical vapor deposition, and atomic layer deposition as advanced vapor-based 

catalyst synthesis and deposition methods used for fabrication of MEAs for PEMFCs and 

PEMWEs. The MEAs fabricated via vapor-based processes have shown significant performance 

improvements in comparison to the state-of-the-art MEAs, which are attributed to better catalyst 

distribution, improved catalyst supports, and controlled, uniform catalyst layer microstructures. 

This review provides an overview of the vapor-based synthesis and deposition methods currently 

being used for the development of PEM-based devices. The advantages and disadvantages of these 

methods are critically compared and discussed while the outlook for future development is 

provided. 
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Introduction 

As energy demand and greenhouse gas emissions are at historic highs, one of the many 

challenges scientists currently face is the development of clean and more efficient energy 

conversion devices that will decrease the amount of energy-related carbon emissions. One possible 

solution to reducing the energy-related greenhouse gas emissions is through the use of hydrogen 

as a clean energy carrier. Hydrogen is an attractive option for an energy carrier as it contains three 

times more energy per mass than gasoline1. While a significant percentage of hydrogen is currently 

produced from low-cost natural gas, diversifying the approaches available for affordable hydrogen 

production can enhance the long-term resilience of industries to price volatility2. For example, 

hydrogen gas production by water electrolysis uses renewable energy sources and results in the 

production of high-purity hydrogen which can be stored for extended periods without energy loss. 

When needed, the chemical energy of the hydrogen gas can then be converted to electrical energy 

with high efficiency using fuel cells. Conversion of the excess electrical energy to hydrogen via 

water electrolysis has been gaining tremendous interest in Europe and other parts of the world, 

because of the rapid penetration of the renewable energy sources into their energy sectors, which 

drives down the cost of the electricity. Hydrogen is an appealing storage medium for excess 

renewable energy because, once stored, it can be used in a variety of applications, including power 

generation, supplementation of the natural gas grid for increased efficiency, vehicle fueling, or as 

a high-value chemical feedstock for the green generation of fertilizer and other chemicals.The 

development of highly efficient, cost-effective, and durable fuel cells and electrolyzers is crucial 

to the implementation of a future hydrogen economy. Although these zero-carbon emission 

hydrogen-based clean energy conversion and storage devices have been a subject of increased 
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research and development interest during the past several decades, their performance, cost, and 

durability need further improvements to boost their commercialization. Today, cell stack 

manufacturing processes dominate the cost and energy use in PEM electrolyzer manufacturing. In 

particular, the acidic nature of the membrane limits the choices of catalyst materials to more 

expensive options such as platinum group metals (PGMs) and metal oxides. 

Among the many different electrochemical systems currently under development, the proton 

exchange membrane fuel cell (PEMFC) and the proton exchange membrane water electrolyzer 

(PEMWE) are the most promising electrochemical energy conversion devices. In commercial 

development since the 1960s, PEMFCs have been shown to have many advantages compared to 

other fuel cell technologies. With high efficiency and low temperature operation, PEMFCs are 

able to satisfy performance and durability targets for many different applications such as portable 

devices and fuel cell electric vehicles2–7. Additionally, with hydrogen and oxygen as the only 

reactants, the PEMFC produces no greenhouse gases during operation and is a clean energy 

technology. 

While PEMFCs convert the chemical energy of the hydrogen gas to electrical energy and 

produce zero emissions, it is equally essential to develop a clean hydrogen generator. According 

to the International Energy Agency, as of 2019, the global production of hydrogen is responsible 

for the emission of 830 Mt of CO2 per year, as more than 99% of all dedicated hydrogen produced 

is the result of natural gas reforming or coal gasification1. One method that can significantly reduce 

the amount of greenhouse gases emitted from hydrogen production is through the use of water 

electrolysis, primarily when carbon-free sources such as solar or wind provide the power required 

for the electrolysis. PEMWEs operate by splitting water at the anode catalyst to produce oxygen 

gas and protons. The protons then travel across the proton exchange membrane (PEM) and react 
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at the cathode catalyst to form hydrogen gas. Some of the many benefits of PEMWEs are that they 

are durable with systems demonstrating over 50,000 hours of operation, the hydrogen produced 

has high purity, and they can operate at higher current densities than traditional alkaline 

electrolyzers, which allow for cost and size reductions8. 

While PEMFCs and PEMWEs are functionally different, they are structurally similar 

technologies. Both PEM devices consist of a number of cells assembled in a stack to obtain the 

desired power output for PEMFCs or the desired hydrogen output for PEMWEs. Each cell consists 

of membrane electrode assemblies (MEAs) between bipolar plates. The MEAs for both PEMFCs 

and PEMWEs consist of an anode gas diffusion layer/porous transport layer (GDL/PTL), anode 

catalyst layer, proton exchange membrane, cathode catalyst layer, and cathode GDL/PTL. 

Traditionally for a PEMFC MEA, both the cathode and anode catalyst layers consist of platinum 

or Pt alloy nanoparticles dispersed on a carbon catalyst support with a perfluorosulfonic acid 

(PFSA) ionomer to assist with the ionic transport and to extend the triple-phase boundary into the 

electrode. Traditionally for a PEMWE MEA, the cathode catalyst layer consists of platinum 

nanoparticles dispersed on a carbon catalyst support with a PFSA ionomer while the anode catalyst 

layer consists of iridium or iridium oxide nanoparticles with a PFSA ionomer to assist with the 

ionic transport. Catalytic materials are complex systems in which achieving the desired properties 

(i.e. activity, selectivity, and stability) depends on exploiting the many degrees of freedom in: 

surface and bulk composition, geometry, defects, interactions with the support material, control of 

the reacting environment, etc.  Most importantly, the catalysts determine the performance of the 

cell and have a significant impact on the cost of the PEM device. 

Despite the recent commercialization of these energy conversion devices, there is still no 

widespread use of PEMFCs and PEMWEs. The high cost of these electrochemical devices is one 
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of the main obstacles hindering their implementation. Even with high-volume manufacturing 

methods, the catalyst cost is projected to be the main contributor to the high cost of the MEAs. 

Available research indicates the best catalysts for PEM fuel cells and electrolyzers are expensive 

platinum group metal (PGM) nanoparticles9,10. While early PEMFCs are known to have used 4 

mgPt cm-2, advances since the 1980s have allowed for the reduction of catalyst loading to 0.4 mgPt 

cm-2 and projections trend lower3. Analysis coordinated by Whiston et al. in 2019 showed that 

76% of experts rank the PGM catalyst cost as the primary barrier to reducing the cost for 

automotive PEMFCs11. A cost analysis performed by Wilson et al. in 2017 for 80 kW automotive 

PEMFCs showed that if the fabrication process were scaled to produce 500,000 systems per year, 

the catalyst layer would represent 41% of the PEMFC stack cost12. Similarly, for PEMWEs, 

following a significant reduction in bipolar plate costs, cost analysis shows that the catalyst and 

membrane account for 40% of the PEMWE cost8. 

Starting in the 1990s, two of the primary techniques for MEA fabrication include screen printing 

and decal transfer3. While effective, both technologies have challenges that need to be addressed 

in order to improve current MEA fabrication cost and scalability issues. Screen printing involves 

the application of a catalyst ink across a thin mesh screen onto the desired substrate. Screen 

printing is also a time-consuming and costly process due to the number of ink application and 

drying steps required to fabricate the catalyst layers3,13. The decal transfer method involves the 

application of a catalyst ink across a substrate, which is then transferred onto the desired membrane 

during a hot press step to attach the catalyst layer onto the membrane. While this step allows for a 

reduction in interfacial resistance between the catalyst layers and the membrane, the hot press step 

can lead to microstructural changes to the catalyst layer film and GDL/PTL while losing catalyst 
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materials to the internal portion of the GDL/PTL, which can lead to mass transport losses and 

decreased performance3,14. 

While ink-based deposition techniques have been important in MEA development to date, to 

reduce catalyst loadings and improve the economic viability of the PEM devices, further 

improvements are required. The novel MEA fabrication methods should support the deposition of 

catalyst layers with ultra-low catalyst loading, eliminate costly intermediate steps, and be scalable 

for commercial manufacturing. Among the many new processes under development, vapor-based 

catalyst synthesis and deposition methods have appeared as promising candidates for improving 

the economics of PEM devices while addressing many current manufacturing concerns. Through 

vapor-based processes, such as spray pyrolysis, chemical vapor deposition (CVD), and atomic 

layer deposition (ALD), catalyst thin films and nanoparticles can be developed with specific 

uniform growth rates. Therefore, they can be used for the deposition of highly active catalyst layers 

with ultra-low PGM loadings and desired thicknesses and porosity that will significantly improve 

the MEA’s performance. Similarly, flame-based processes, such as flame spray pyrolysis and 

reactive spray deposition technology (RSDT), can synthesize catalyst nanoparticles and fabricate 

catalyst layers with ultra-low loadings while reducing the number of ink processing or drying steps. 

These processes will result in decreased manufacturing costs in addition to decreased catalyst 

costs. 

This review examines recent progress in vapor-based nanoparticle synthesis and deposition 

methods, such as spray pyrolysis, RSDT, CVD, and ALD, for use in MEAs developed for 

advanced PEM-based devices. Each of the listed vapor-based processes are described in detail in 

individual sections that contain a brief overview of the vapor-based synthesis/deposition method, 

followed by a discussion of how the method works as well as some of the critical synthesis and/or 
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deposition parameters that impact the resulting catalyst nanoparticles or thin films. After 

describing the process and its advantages and disadvantages, a review of recently published 

literature is presented for the particular vapor-based method detailing how that method can be used 

for the fabrication of MEAs for PEMFCs and PEMWEs. Each of these major sections concludes 

with examples defining how each technology can be further improved for the fabrication of cost-

effective MEAs with enhanced performance. 

Spray Pyrolysis  

Spray pyrolysis is a well-established method for catalyst synthesis that has been used since the 

1980s as a process for fabrication of a variety of powders and films15–17. In 1993, Messing et al. 

published a review on spray pyrolysis for the production of ceramic powders that discusses its 

basic steps and fundamental mechanisms18. In 2005, the Cabot Corporation was assigned a patent 

for the production of electrocatalyst powders for energy devices by a spray conversion process19. 

This patent is particularly significant as it defines the fabrication of Pt/C catalysts by spray 

pyrolysis for use in PEM fuel cells. Recent literature has demonstrated the capability of spray 

pyrolysis to synthesize advanced catalysts and catalyst supports for PEM applications. These 

catalysts include metals (such as Pt), metal oxides (such as TiO2), and non-PGM catalysts (such 

as CoxFe1-xOy). Catalyst supports that have been produced by spray pyrolysis include metal oxides 

and various carbon supports20–22. 

Generally, spray pyrolysis involves the conversion of droplets of a liquid precursor mixture into 

a catalyst powder or film. To be truly considered spray pyrolysis (as opposed to spray drying), one 

or more of the precursors in these droplets must be thermally decomposed to create the product15,18. 

This normally occurs at temperatures greater than 300°C. The precursor mixture consists of one 

or more solvents and one or more precursors. Water is often used as the sole solvent19–21,23–27, but 
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acids28 and organic solvents22 can be added. Some common precursors include metal 

chlorides20,22,23,25–27, and metal nitrates19,23,24. Chloroplatinic acid is a common precursor for the 

synthesis of platinum nanoparticles19,27,28. Precursor mixtures can also contain templates, such as 

poly(methyl methacrylate) (PMMA) spheres22, which form the microstructure of the product and 

are usually consumed during the spray pyrolysis process. 

Spray pyrolysis is typically performed using three core components shown in Figure 1: (i) the 

atomizer (nebulizer), which generates droplets of the precursor solution, (ii) the reactor (pyrolytic 

chamber) or heated substrate, which thermally decomposes the precursor into the product particles, 

and (iii) the collection system, which collects the powdered product. 

 

Figure 1. Graphical representation of the spray pyrolysis process. The precursor solution is fed to the atomizer (nebulizer), then 

to the reactor (pyrolytic chamber), and the product is collected in the collection system (powder collector). Reproduced from 

Leng et al. Chem. Soc. Rev. 2019, 48 (11), 3015-3072. Copyright 2019 Royal Society of Chemistry. 

Three types of atomizers are used in spray pyrolysis: ultrasonic, pneumatic (two-phase), and 

electrostatic15. Ultrasonic atomizers are most commonly used in laboratory settings because of 

their accessibility and ability to achieve relatively small droplets with a narrow size distribution at 

moderate production rates15,29. The ultrasonic atomizer works by using ultrasonic waves to excite 

the precursor mixture and produce droplets that can range from 1 micron to 100 microns in size15. 

Pneumatic atomizers are often used in commercial applications in order to achieve high production 

rates and accommodate precursor mixtures with high concentrations of suspended solids15,19. 

Pneumatic atomizers create droplets that can range from 10 microns to 100 microns and have 
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virtually no upper flow-rate limit15. The droplets produced by pneumatic atomizers have a 

relatively wide size distribution29, which is a serious disadvantage for the fabrication of 

electrocatalysts. Alternatively, electrostatic atomizers create even smaller droplets than ultrasonic 

atomizers; however, their production rate is slow and they are not widely studied for the 

development of catalysts for application in PEM-based devices15.  

The droplets of precursor mixture that the atomizer produces are transported through the reactor 

or onto the heated substrate by a carrier gas. Various carrier gases can be used to achieve the 

desired product compositions. Air is used to obtain oxide nanoparticles20,22,25,26. Inert gas is used 

to obtain carbon-containing composites21,23,24,27 and metal/metal-oxide composites28. Reducing 

gas is used to obtain metal nanoparticles28. The reactor or heated substrate supplies heat to the 

precursor droplets and carrier gas to evaporate the solvents, transform the precursor, and 

decompose any templates. At laboratory and commercial scales, tube furnaces are often used as 

the reactors19–23,27,28,30. A process can contain either one tube furnace or multiple tube furnaces in 

series to allow for flexibility in the process, such as introducing a new carrier gas between the 

furnaces28. For the fabrication of electrocatalysts for PEM-based devices, the tube furnaces are 

commonly operated at temperatures between 300°C and 800°C19–23,27,28. Additionally, instead of 

providing the thermal energy for the spray pyrolysis process from a tube furnace, heated substrates 

have also been used at the laboratory scale. Research by Kwong et al. examined the use of a heated 

titanium foil substrate at 200°C and 400°C for the fabrication of metal-oxide films25,26.  

It is generally accepted in the literature that particles fabricated by spray pyrolysis using a reactor 

(not a heated substrate) are formed by the “droplet-to-particle” method. By this method, one 

droplet of precursor solution renders one particle. These droplets can be the primary droplets 

originally formed by the atomizer, or smaller droplets that form through the fragmentation of the 
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primary droplets28. Figure 2 shows the many variations of the “droplet-to-particle” process for 

various precursor compositions and precipitation processes18. 

 

Figure 2. Flowcharts showing the effect of different precursor compositions and precipitation processes on (A) particle morphology 

and (B) the microstructure of composite particles. Reproduced from Messing et al. J.Am. Ceram. Soc. 1993, 76 (11) 2707-2726. 

Copyright 1993 John Wiley & Sons, Inc. 

In the droplet-to-particle mechanism, the chemistry of the solutes and solvents plays a critical 

role in determining the particle morphology as the interplay between solvent evaporation and 

solute diffusion impacts whether the particle is solid or hollow. When more than one precursor is 

used to form compounds, the relative solubilities, diffusivities, and decomposition temperatures of 

each precursor impact whether the particle adopts a core-shell structure28.  

When a heated substrate is used, the process by which the particles or film form on the substrate 

depends on the substrate temperature, droplet size, and volatility of the precursor solvent16,17. 

Various film formation processes and their resulting morphologies are shown in Figure 3.17 
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Figure 3. A diagram of the various processes of film formation during spray pyrolysis on a heated substrate. Reproduced from 

Guild et al. Catal. Today 2014, 238, 87-94. Copyright 2014 Elsevier 

When a powdered product is not deposited onto a heated substrate, the particles must be 

collected by an additional apparatus. At the laboratory scale, these apparatuses include wash 

bottles28, filters20,23,27, and bubblers21. Wash bottles and bubblers are beneficial because they 

collect the particles in a liquid, which can prevent the product from agglomerating31. Particles 

collected in wash bottles or bubblers can be removed from the collection liquid by centrifugation 

and then be dried28. Particles can be separated from filters by ultrasonication in a solvent, followed 

by centrifugation and drying. Large-scale processes use cyclones19 and electrostatic precipitators30 

to collect the products. 

Advantages of Spray Pyrolysis  
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One of the most significant advantages is the control of the particle morphology over a range of 

length scales. Particle morphology and porosity are important not only for good catalytic 

performance, but also for the further processing of the catalyst powder into PEM devices19. As a 

result of the short reaction time associated with spray pyrolysis (ideally less than 10 seconds), the 

agglomeration of active species on the support material is limited, which helps achieve a good 

dispersion of active-species clusters between 0.5 nm and 10 nm in size19. Small, well-dispersed 

clusters of active material such as platinum are useful for increasing the mass-activity of the 

catalyst and reducing the overall cost. The short reaction time also allows the active-species 

particles to form metastable phases15 such as particles with high-energy facets that have been 

shown to exhibit better catalytic performance in fuel cell applications than particles that contain 

thermodynamically stable phases32,33.  

In addition to improving the kinetic performance of the electrocatalyst, the morphology of the 

catalyst support particles needs to enable sufficient mass transfer of reactants to-and-from the 

catalyst active sites19. With spray pyrolysis, both the control of pore-size distribution of the support 

material (i.e., between 10 nm and 100 nm) and the specific surface area (i.e., up to 600 m2 g-1) of 

the catalyst can be achieved19. High porosity of the support material (i.e. >40%) is also important 

for reducing the density of the catalyst particles, which is beneficial when preparing a suspension 

of catalyst particles for further processing into components for PEM applications19. An additional 

benefit for the down-stream processing of catalyst particles fabricated by spray pyrolysis is that 

the particles (volume-average particle size between 1 micron and 100 microns) are spherical with 

a narrow size distribution. Spherical particles are easily processed and packed densely in the final-

product film. The narrow particle size distribution is beneficial for avoiding nozzle clogging when 

depositing a slurry of dispersed particles19. 
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Along with morphological control, spray pyrolysis offers tight control over the composition of 

the catalyst15,19,25. This is important for maintaining the oxidization state of active metallic species 

close to zero19 and tailoring the composition of mixed-metal-oxides for PGM-free catalysts25.  

Aside from the benefits associated with the material fabricated by spray pyrolysis, the equipment 

and raw materials used for the process offer many inherent advantages as well. One distinct 

advantage of spray pyrolysis is its great flexibility as a result of using modular components15.  For 

example, a patent by Cabot Corporation discusses the use of a spray dryer as a reaction chamber 

in place of a tube furnace for commercial-scale fabrication of Pt/C catalysts19. Using this 

configuration, the precursor reaches temperature up to 300°C, which is sufficient for the 

decomposition of the platinum precursor19. By processing the material at 300°C with the spray 

dryer, as opposed to the 700°C tube furnace, there is potential for cost reductions.  

Applications of Spray Pyrolysis for PEMFCs 

Many publications have used spray pyrolysis to fabricate catalysts for PEMFCs. Some processes 

fabricate the composite catalyst entirely by spray pyrolysis27,28,34, while other processes fabricate 

the metal-oxide support with spray pyrolysis and later add the active species using wet methods20. 

Spray pyrolysis is also used to make a Zn-C precursor for the synthesis of N-doped carbon 

catalysts24. 

Košević et al. fabricated Pt/TiO2 ORR/HER catalysts by spray pyrolysis using two different 

approaches, both using HCl as a solvent and N2 and H2 as carrier gases28. Nanoparticles fabricated 

using H2PtCl6 and tetra-n-butyl orthotitanate as platinum and TiO2 precursors, respectively, 

exhibited insufficient platinum loading and are not an optimal catalyst for PEMFCs28. However, 

nanoparticles with 20 wt% platinum loading, fabricated at 650°C using H2PtCl6 as a platinum 

precursor with the TiO2 support dispersed as a colloid in the precursor solution exhibited better 
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activity for the HOR/HER than platinum black in 1 M H2SO4 (pH≈0) at room temperature. A 

comparison of the cyclic voltammetry (CV) curves, measured at 50 mV s-1, for the Pt/TiO2 

composite and platinum black is presented in Figure 4. The improved HOR/HER activity of the 

Pt/TiO2 fabricated by spray pyrolysis is evident from the figure. 

 

Figure 4: Cyclic voltammetry results with sweep rate of 50 mV s-1 for 20wt% Pt/TiO2 and Pt black in 1M H2SO4 at room 

temperature. Reproduced from Košević et al. Metals (Basel) 2020, 10 (11). Copyright 2020 MDPI 

Pt-based catalysts have also been investigated by Kim et al. as ORR/OER catalysts in 

regenerative fuel cells27. Pt-Ir catalysts (1:1 mass ratio Pt:Ir) supported on reduced graphene oxide 

(rGO) were fabricated from an aqueous precursor mixture containing IrCl3, H2PtCl6 and dispersed 

graphene oxide (GO). Argon was used as a carrier gas, and the particles were synthesized in a tube 

furnace at 600°C before being collected by a filter. Following the spray pyrolysis, the catalyst was 

heat treated in argon at 600°C to develop a crystalline structure27. Figure 5 presents a TEM image 

of the as-synthesized composite catalyst. The metal nanoparticles can be seen uniformly dispersed 

on the rGO sheet. 
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Figure 5. TEM micrograph of the as-synthesized Pt-Ir/rGO composite catalyst from Kim et al. Reproduced from Kim et al. J. 

Power Sources 2017, 364, 215-225.  Copyright 2017 Elsevier  

 

The durability of this composite catalyst was superior to that of commercially available Pt/C 

during potential cycling tests between 0.059 and 1.259 V (vs. RHE) at room temperature in 

nitrogen-saturated 0.1 M HClO4. These tests were conducted for 4500 cycles using a RDE at 1600 

rpm with a sweep rate of 50 mV s-1. Figure 6 shows the loss in electrochemical surface area (ESA) 

of Pt/C and the as-synthesized catalyst during this testing. 
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Figure 6. Electrochemical surface area (ESA) of the as-synthesized catalyst (Pt-Ir/rGO_P600) and Pt/C during cycling at 50 mV 

s-1 between 0.059 and 1.259 V (vs. RHE) at room temperature in nitrogen-saturated 0.1M HClO4 using RDE at 1600 RPM. 

Reproduced from Kim et al. J. Power Sources 2017, 364, 215-225.  Copyright 2017 Elsevier 

 

Applications of Spray Pyrolysis for PEMWEs 

Spray pyrolysis has also been used to develop catalysts or catalyst supports for PEMWEs21–23,25–

28. Unsupported metal-oxide catalysts are deposited directly onto heated titanium foil25,26. Spray 

pyrolysis is also used to make a Zn-C precursor for the synthesis of N-doped carbon catalysts24. 

Böhm et al. developed a macroporous antimony-doped tin oxide (ATO) microparticle as a support 

for an IrO2 OER catalyst22. Electron microscopy images of these particles and electrochemical test 

results are shown in Figures 7 and 8, respectively. The ATO particles were synthesized using tin 

(IV) chloride and antimony (III) acetate as precursors in ethanol and water. Poly(methyl 

methacrylate) beads with a mean diameter of 280nm were used as templates to develop the porosity 

in the ATO particles, which is evident in Figure 7. The precursor solution was atomized using an 

ultrasonic atomizer with air used as a carrier gas in a tube furnace set to 615°C. The IrO2 was 

coated onto the ATO supports using a solvothermal method followed by thermal oxidization, 
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which achieved an even coating on the outside of the ATO particle and the surfaces of the pores. 

 

Figure 7. Transmission electron micrographs and EDX mapping of IrO2 nanoparticles supported on microporous ATO 

microparticles templated with 280 nm PMMA beads. a-c) Electron micrographs, d) electron diffraction pattern, and e) STEM/EDX 

elemental mapping of an outer pore. Reproduced from Böhm et al. Adv. Funct. Mater. 2020, 30, 1906670. Copyright 2020 John 

Wiley & Sons, Inc.  

As shown in Figure 8, Böhm et al. examined their IrO2/ATO electrocatalyst using RDE and 

measured better oxygen evolution reaction (OER) activity than those achieved with the state-of-

the-art IrO2 on TiO2.
22 The authors attributed the improved performance of this as-prepared OER 

catalyst to the morphology of the ATO support and to the homogenous distribution of the IrO2 

catalyst. 

 

 

Figure 8. Electrochemical characterization of IrO2 nanoparticles supported on microporous ATO microparticles at 60°C in 0.5M 

H2SO4. a) The 75th cycle of rotating disk electrode measurements of IrO2 nanoparticles (blue), 25wt% Ir loaded ATO (grey), and 

commercial IrO2/TiO2 with 75wt% Ir loading (red). b) Overpotentials at 1 mA cm-2 for each RDE cycle. Reproduced from Böhm 

et al. Adv. Funct. Mater. 2020, 30, 1906670. Copyright 2020 John Wiley & Sons, Inc. 

 

a b
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Work on non-PGM OER catalysts has also been done by Kwong et al., who investigated the 

fabrication of cobalt-doped hematite films25. Iron (III) chloride hexahydrate and cobalt (II) 

chloride hexahydrate were used as precursors in water. Air was used as a carrier gas to spray the 

precursor onto a titanium foil heated to 400°C. Various compositions of the catalyst with the 

general formula CoxFe1-xOy were fabricated. Figure 9 shows the activity and stability of the 

catalysts with different compositions. 

 

Figure 9. (a): Polarization curves and corresponding Tafel plots for various compositions of CoxFe1-xOy. (b): Chronoamperometric 

measurements for various compositions of CoxFe1-xOy at j=10 mA cm-2 at pH 0.3 or pH 2. Reproduced from Kwong et al. Chem. 

Commun. 2019, 55 (34), 5017-5020. Copyright 2019 Royal Society of Chemistry 

The controlled doping of Co into the Fe2O3 lattice enhances the catalytic activity and improves 

electron transport throughout the catalyst. Figure 10 shows how the catalytic activity of 

Co0.05Fe0.95Oy compares to that of FeOy and IrOy. While the IrOy shows the best performance, the 

Co0.05Fe0.95Oy offers the advantage of being PGM-free. 
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Figure 10. Polarization curves in 0.5M H2SO4 (pH=0.3) comparing Co0.05Fe0.95Oy, IrOy, and FeOy, catalysts. Inset: Cyclic 

voltammetry scans of CoOy with subsequent cycling.  Reproduced from Kwong et al. Chem. Commun. 2019, 55 (34), 5017-5020. 

Copyright 2019 Royal Society of Chemistry 

Future Development for Spray Pyrolysis 

Despite the many advantages of spray pyrolysis, a notable shortcoming is a need for secondary 

processing of the catalyst material into PEM devices. This is particularly significant for industrial 

applications because additional processing steps lead to increased costs33. Therefore, one 

promising improvement for spray pyrolysis for PEM applications would be enabling the direct 

deposition of catalytic materials onto PEM components, such as PFSA membranes. However, 

using traditional spray pyrolysis conditions, direct deposition of the catalyst materials onto PFSA 

membranes would cause thermal degradation of the membranes. Therefore, in order to enable 

direct deposition of catalyst onto PFSA membranes, the gases and product particles would need to 

be cooled before reaching the PEM component. This could be achieved through the 

implementation of an air-quench, as it is done with RSDT as discussed below. 

Future developments may also incorporate the sacrificial support method with the spray 

pyrolysis process to obtain catalysts with high surface area and unique morphologies. The 
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sacrificial support method develops materials with high surface area by first dissolving silica 

particles in a liquid solvent before adding precursor materials via wet impregnation methods. After 

the precursors adsorb to the silica, the particles are pyrolyzed to obtain the desired catalyst material 

before an etching process removes the silica to further increase the catalyst surface area. The 

sacrificial support method has also been used for the development of non-PGM catalysts with high 

activity due to condensed catalytic active sites35,36. While the sacrificial support method is not 

currently used with spray pyrolysis, the technical synthesis process steps are similar to where they 

may be incorporated into spray pyrolysis techniques to further improve the surface area of catalysts 

produced by spray pyrolysis. 

Flame Spray Pyrolysis 

Flame spray pyrolysis (FSP) is a specific type of spray pyrolysis, in which the energy needed 

for the evaporation of the solvent and decomposition of the precursor is provided by a flame instead 

of a heated substrate or tube furnace. According to Teoh et al., the precursor mixture provides at 

least 50% of the combustion enthalpy of the flame, as opposed to an external flame, such as a 

premixed oxy-hydrocarbon flame37. One distinct benefit of FSP is the elimination of the need for 

a heat-treatment step sometimes used in other spray pyrolysis processes; the high temperature of 

the flame leads to the direct formation of the desired crystal phases15,33,37. Carbon black and 

titanium dioxide are common industrial products produced by FSP, and they can readily be used 

as catalyst supports in PEM-based applications33,37–40. This proven capability at the industrial scale 

is promising for the low-cost mass-production of catalysts for PEMFCs and PEMWEs. FSP is also 

used for the development of metal-oxide and metal/metal-oxide catalysts for various application 

such as methane combustion, CO oxidation, and photocatalysts39. These metal/metal-oxide 

catalysts, such as Pt/TiO2, could be used for PEM applications as demonstrated in Košević et al.28.  
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Similarly, Ernst et al. have demonstrated that Pt/C catalysts fabricated by FSP are excellent 

candidates for other applications, such as the hydrogenation of cyclohexane40. Their one-step 

fabrication process simultaneously synthesizes the carbon support from xylene using one nozzle, 

and platinum nanoparticles from platinum acetylacetonate using an additional nozzle further 

downstream. A diagram of the process is shown in Figure 11. 

 

Figure 11. Diagram of the flame spray pyrolysis process used by Ernst et al. for the fabrication of Pt/C catalysts. To fabricate Pt 

nanoparticles dispersed on a carbon support, FSP 1 is fed with xylene to synthesize the carbon. Further downstream, the platinum 

is then sprayed from FSP 2 using platinum acetylacetonate as a precursor in ethanol and water. Reproduced from Ernst et al. Chem. 

Mater. 2008, 20 (6), 2117-2123. Copyright 2008 ACS Publications 

While catalysts synthesized by FSP have shown high performance for a wide variety of 

applications, FSP has also received attention for the fabrication of catalysts and catalyst supports 

specifically for application in PEM-based devices. For example, Dahl et al. used flame spray 

pyrolysis to fabricate metal-doped titanium oxide and tin oxide powders as supports for cathode 

catalysts for PEM fuel cells41. In another publication, Dahl et al. fabricated a Pt catalyst supported 

on antimony- and niobium-doped tin oxide supports, which have better corrosion resistance than 
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traditional carbon supports used in PEMFCs42. To produce these materials with FSP, tin (II) 2-

ethylhexanoate, antimony (III) ethoxide, niobium (V) ethoxide, and platinum (II) acetylacetonate 

were used as precursors dissolved in p-xylene and acetone42. As-fabricated catalysts have notably 

higher specific surface area and better electronic conductivity than the commercial standard. 

 

Reactive Spray Deposition Technology 

Reactive Spray Deposition Technology (RSDT) is an advanced flame-based catalyst synthesis 

and deposition process that has been developed for one-step fabrication of MEAs for PEM-based 

electrochemical devices. While this process is similar to flame spray pyrolysis with respect to 

nanoparticle formation in a flame, RSDT has a major advantage since it allows for the direct 

deposition of the nanomaterials onto the desired substrates. Researchers have used RSDT as a cost-

effective method for the fabrication of MEAs for both PEMFCs43–48 and PEMWEs49–51. By 

significantly reducing PGM catalyst loadings, developing non-PGM catalysts, and eliminating 

costly manufacturing processing steps, the RSDT process is a method that has the ability to 

fabricate advanced MEAs for application in economically viable fuel cells and electrolyzers. 

To fabricate nanomaterials by RSDT, a precursor solution containing the desired elemental 

composition of the final catalyst is prepared. The precursor solution mixture is chosen by first 

determining an appropriate organometallic precursor compound and solvent combination52,53. The 

precursor must be able to completely dissolve in the solvent such that there is no precipitation of 

precursor materials in order to avoid an inaccurate stoichiometry of the catalyst or inconsistent 

deposition results. Additionally, the solvents must be chosen such that the heat provided by the 

solvent combustion in the RSDT process will allow for the decomposition of the precursor 

materials. Once the precursor solution is prepared and filled into the RSDT pumps, the solution 
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passes through a heated line before passing through a small orifice needle. The increased pressure 

and temperature of the solution results in the formation of an atomized mist as it passes through 

the needle. The resulting aerosol is then ignited to create the RSDT flame, as shown in Figure 12. 

This flame is stabilized using a methane/oxygen pilot mix, while the combustion of the solvents is 

controlled with the addition of oxygen flowed to the needle tip. The resulting RSDT flame 

promotes the combustion of the solvent, which then provides the heat necessary to decompose the 

precursor materials to the desired catalyst material. As-synthesized catalyst nanoparticles then 

directly collide with the desired substrate which is moved over a specified spray area in the direct 

path of the RSDT flame to develop a uniform catalyst layer. 

 

Figure 12. Schematic representation of reactive spray deposition technology (RSDT). Reproduced from Maric Fuel Cells Bull. 

2012, 2012 (4), 15. Copyright 2012 Elsevier 

In addition to the RSDT flame, other components, such as an air quench or secondary spray 

nozzles, can be added to the RSDT process to significantly affect the development of the 

nanoparticles and resulting thin film microstructures. These components allow for the RSDT 

process to have many advantages as they ensure precise control of the properties of the deposited 

catalysts. One important component for the RSDT fabrication of nanoparticle catalysts for 

advanced MEAs is the incorporation of an air quench52. By positioning a flow of air in the flame 
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path, the air quench extinguishes the flame at a specific distance from the needle tip. With catalyst 

particle size increasing as the particle passes through the flame, particle growth can be controlled 

by the placement of the air quench. In addition to controlling particle size, the air quench also 

reduces substrate and catalyst temperatures to allow for the direct deposition on a variety of 

substrates, including perfluorosulfonic acid (PFSA) membranes. As a result of the reduced 

temperatures of the substrate, the RSDT process can directly deposit catalyst layers onto PEM 

membranes, which enables the direct one-step MEA fabrication process. In addition to the use of 

the air quench, secondary spray nozzles can be placed after the quench, as shown in Figure 12, to 

allow for the deposition of catalyst support materials. Rather than using multiple catalyst ink 

application and drying steps for MEA fabrication, a slurry containing both the catalyst support and 

ionomer components of a PEM catalyst layer can be sprayed through the RSDT secondary 

nozzles47,48. With this setup, the catalyst nanoparticles produced through the RSDT flame collide 

with the support material and ionomer prior to reaching the substrate to create complete catalyst 

layers in one step. 

Advantages of RSDT 

With many process parameters and additional components that can be used with the base RSDT 

flame, the RSDT process allows for flexibility in the catalysts being deposited. Research by Roller 

et al. examined how variations in the RSDT deposition parameters result in changes in particle 

size52,53. While examining the deposition of Pt nanoparticles with RSDT, Roller et al. demonstrated 

that varying the tip oxygen gas flow rate from 5.8 SLPM to 9.3 SLPM increased the mean Pt 

particle size diameter from 2.2 nm to 6.9 nm.  The TEM micrographs and the estimated particle 

size distributions of as-fabricated Pt nanoparticles are presented in Figure 13.52 Additionally, they 

determined that propane content in the precursor solution also has an impact on the particle size. 



26 

 

The authors reported that a solution with 10 wt% propane is capable of depositing 3.6 nm Pt 

particles while a solution with 20 wt% propane is capable of depositing 6.8 nm particles52. As a 

result, the RSDT process provides the ability to define the deposition parameters that will generate 

nanoparticles of specific sizes, which can be selected depending on the desired application. 

 

Figure 13. TEM micrographs and particle size distributions of Pt nanoparticles fabricated by RSDT when flowing tip oxygen at 

(a) 3.70 L min-1 and (b) 6.89 L min-1. Reproduced from Roller et al. J. Mater. Sci. 2017, 52 (16), 9391-9409. Copyright 2017 

Springer 

 

Furthermore, the RSDT process is capable of depositing a wide range of supported and 

unsupported catalysts with various ionomer contents. The RSDT process has been used to examine 

the effect of different carbon supports on the catalyst’s performance by using Ketjen Black 

EC600JD43,44,47,48, Vulcan XC72-R45,49–51,54, multiwalled carbon nanotubes (MWCNTs)47,48, and 

other graphitized carbons47. By simply modifying the carbon/ionomer slurry, it is possible to use 

the RSDT method to understand the effect of carbon supports, ionomers, or the ionomer content 

on MEA performance.  
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Applications of RSDT for PEMFCs 

The RSDT method has been used for the fabrication of large MEAs for economically viable 

advanced PEMFCs. It has been recently reported that RSDT-fabricated MEAs with ultra-low PGM 

loadings have demonstrated excellent activity and durability comparable to state-of-the-art 

commercial MEAs that have 2-3 times higher PGM loadings in their catalyst electrodes. Yu et al. 

used RSDT to deposit PEMFC electrodes with Pt loadings of 0.1 mgPt cm-2 and 0.05 mgPt cm-2 for 

the cathode and the anode, respectively47. To confirm the uniform distribution of the platinum 

nanoparticles on the carbon supports, catalyst samples were examined by TEM. The TEM 

micrographs shown in Figure 14 demonstrate the uniformity of the Pt nanoparticles on the carbon 

supports following the RSDT process. During MEA testing at 0.9 V, 80°C, 280 kPaabs, and 100% 

relative humidity, the estimated mass activity of the Pt/KB catalyst is 0.51 A mgPt
-1, which exceeds 

the 2020 DOE target of 0.44 A mgPt
-1. 
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Figure 14: (a) High angle annular dark field (HAADF) image and (b) EDX elemental mapping of Pt and C (b) for Pt supported on 

Ketjen Black. (c) Bright field TEM image of Pt/MWCNT and (d) Pt/rGO. Pt particle size distributions are noted in the figure 

inserts. Reproduced from Yu et al. ECS Trans. 2015, 69, 487-496. Copyright 2017 IOP Publishing 

In an effort to reduce cell degradation as a result of Pt depletion in the fuel cell cathode, the 

RSDT has also been used to fabricate cathode catalyst layers with gradient distribution in both Pt 

particle size43 and Pt loading44. Yu et al. fabricated these gradient catalyst layers by adjusting either 

solution/slurry flow rates or other deposition parameters, which dictated the particle size. In order 

to obtain a gradient distribution in the Pt nanoparticles size from 2 nm to 5 nm, the solution flow 

rate, gas flow rates, as well as the quench position and flow rate were all43. The Tafel plots of 

MEAs fabricated with cathodes with gradient distribution of either Pt particle size (Type I) or Pt 

loading (Type II) are measured in H2/Air and H2/O2 atmosphere and are compared in Figure 15. 

The authors concluded that the Type II MEAs have improved end-of-test performance in 
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comparison to the control MEAs with a uniform 2 nm Pt particle size and uniform loading in their 

cathodes, as well as to the Type I MEAs. 

 

Figure 15. Tafel plots comparing Type I (gradient Pt particle size) and Type II (gradient Pt loading) MEAs at both the beginning-

of-test (BOT) and end-of-test (EOT) under (a) H2/O2 conditions and (b) H2/Air conditions. Reproduced from Yu et al. Electrochim. 

Acta 2017, 247, 1169-1179. Copyright 2017 Elsevier  

Additionally, the RSDT process has been used to develop novel PGM and non-PGM catalysts 

to aid in the reduction of fuel cell capital costs. Fabrication of core-shell electrocatalysts for 

PEMFCs is one example that demonstrates the ability of the RSDT process to substantially reduce 

the PGM catalyst content loadings in the MEA electrodes. Roller et al. have demonstrated the 

ability to develop core-shell catalysts using the RSDT process by developing Pd-Ru and Pd@Pt 

catalysts54. 

Applications of RSDT for PEMWEs 

While significant research has been performed on RSDT with PEMFC applications in mind, 

similar research needs to be performed to improve the economic viability of PEMWEs. These 

electrochemical energy conversion devices require even higher PGM loadings in their catalyst 

layers to operate at current densities of practical interest. Thus, one major challenge for PEMWEs 

is the cost associated with the PGM loading in the catalyst layers. Currently, the state-of-the-art 

commercial PEMWEs use iridium oxide anode catalysts and platinum nanoparticle cathode 
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catalysts with the typical loadings of 1-3 mgPGM cm-2 in each electrode55–57. As seen with the 

PEMFC research, RSDT can fabricate catalyst layers with significantly lower PGM loadings. 

According to Yu et al., the RSDT process is capable of fabricating PEMWE anodes with IrOx 

loading of 0.08 mg cm-2 and cathodes with Pt loading of 0.3 mg cm-2.49 As shown in Figure 16, 

despite an order of magnitude reduction in the PGM loadings on both electrodes in comparison to 

the commercial MEAs, the RSDT-fabricated MEA showed better performance.  This RSDT-

fabricated MEA demonstrated long-term stability for over 4500 hours of operation at steady-state 

conditions with a degradation rate of 36.5 μV hr-1 at the beginning of the test and 11.5 μV hr-1 near 

the end of the test. 

  

Figure 16. Long-term durability results of PEMWEs developed by RSDT compared to a commercial baseline PEMWE. 

Reproduced from Yu et al. Appl. Catal. B Environ. 2018, 239 (July), 133-146. Copyright 2018 Elsevier 

The RSDT process is a unique methodology not only for the fabrication of catalyst layers with 

ultra-low PGM loadings for advanced MEAs, but also for the deposition of recombination layers 

(RLs) that can reduce the hydrogen crossover in PEMWEs. Recent publications have shown that 

the integration of a Pt RL within the membrane of the PEMWE MEAs ensures the effective 

recombination of the hydrogen and oxygen molecules into water, and thus substantially reduces 

the H2 crossover in the PEMWE stack58–60. With a lower flammability limit (LFL) of 4% hydrogen 



31 

 

in oxygen, typical PEMWEs need to be operated at conditions such that safety is maintained at all 

times. Most of the commercial PEMWEs have an integrated safety system that will shut down the 

PEMWE if there is more than 2% hydrogen in oxygen outlet stream. By incorporating the 

recombination layer in the PEMWE, H2 crossover can be reduced to ensure the safe operation of 

the PEMWE system, and performance can be improved. Recent studies have shown that the 

RSDT-fabricated Pt RLs within the volume of the Nafion® membranes effectively reduced H2 

crossover in the MEAs. Ouimet et al. used the RSDT method to deposit a thin Pt film on a Nafion® 

N117 membrane that was then laminated by putting a Nafion® N211 membrane on top of the RL, 

and then hot pressed together61. As shown in Figure 17, a MEA without an RL exhibited H2 

crossover that ranged from 30-50% of the LFL during steady-state operation at current densities 

of 0.58, 1.16, and 1.86 A cm-2. However, the H2 crossover has been reduced to less than 10% of 

the LFL at all operating conditions for the MEAs containing an RSDT-fabricated RL. 

 

Figure 17. Hydrogen crossover of MEAs with and without RSDT-fabricated Pt recombination layers at various current densities.61  

 

Future Development Strategies for RSDT 

Despite encouraging PEMFC and PEMWE performance from MEAs developed by RSDT, there 

are opportunities to improve upon the deposition efficiency and scalability of electrodes 
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manufactured by the RSDT process. To date, the RSDT process has been utilized for developing 

cells with an active area of 25 cm2, 45 cm2, or 86 cm2.  Additional research has been performed to 

scaleup the active area of the cells to 711 cm2. In order for the RSDT process to become a more 

complete commercial manufacturing technique, the RSDT process needs to be modified from a 

lab-scale method to a large-scale industrial technology to allow for rapid MEA manufacturing. 

The RSDT process can also further reduce the dependency on PGM catalysts for PEM systems 

by developing non-PGM materials. The research conducted by Poozhikunnath et al. showed that 

the RSDT process can be used for the synthesis of non-PGM catalysts for alkaline exchange 

membrane fuel cells (AEMFCs)62. Utilizing similar processes, the RSDT process could further be 

used for the development of materials that could be utilized for PEM-based applications, further 

reducing the need for PGM catalysts. 

 

Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a generic name for a group of complex synthesis processes 

that involve depositing thin coatings on a substrate surface in which the chemical gaseous 

components react close to or on the hot substrate. The CVD process has emerged as a useful 

manufacturing technique for producing materials with high purity, density, and strength in 

industrial sectors such as the ceramic and semiconductor industries63.  

In the CVD process, the substrate is usually activated by heating, radiation, or plasma to produce 

a solid deposit. Figure 18 details a schematic of a typical CVD reactor64. In a typical CVD system, 

reactant gases, also called precursor gases, are delivered into a reaction chamber at a certain 

temperature. The inlet gases pass through the chamber, come into contact with the hot substrate, 

and react to form and deposit the target materials onto the surface of the substrate. An inert gas, 
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such as Ar, is usually utilized as a diluent gas. The critical parameters which affect the properties 

of the fabricated materials are the composition of the reaction gas mixture, substrate temperature, 

and gas flow pressure65,66. 

 

Figure 18. Schematic illustration of a CVD process. Reproduced from Zhang et al. J. Mater. Chem. C. 2016, 4, 4092-4124. 

Copyright 2016 Royal Society of Chemistry 

 

In 1982, Spear developed a model of the sequential physical and chemical steps which happen 

during the CVD process67,68. Figure 19 represents the CVD model, summarized as followed:  

(1) The gaseous reactant transport to the proximity of the substrate surface; 

(2) The reactant species diffuse to the substrate surface through a boundary layer or 

intermediates are formed by homogeneous chemical reactions; 

(3) The reactant species or formed intermediates are adsorbed on the substrate surface; 

(4) The species migrate on the surface, the heterogeneous reaction occurs, and by-product 

species are formed; 

(5) The by-product species are desorbed from the reaction surface; 

(6) The by-product species diffuse to the bulk gas and boundary layer; and 

(7) The by-product gaseous species move away from the substrate (exhaust)69. 
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Since the principle of CVD processes involves depositing a new layer of material onto a substrate 

surface, CVD belongs to the family of additive manufacturing techniques. The advantage of the 

CVD process compared to other additive manufacturing techniques such as powder-based 3-D 

printing or laser-based deposition techniques is that the CVD does not need any external driver for 

the solidification process. The CVD method relies on chemical reactions occurring at the atomic 

level to form a strong bond for the thin layers of coating on the substrate. Hence, the CVD process 

can be considered an accurate micro- or nano-scale manufacturing technique69.  

 

Figure 19: Schematic of the CVD model developed by Spear. Reproduced from Yan and Xu, Chemical Vapour Deposition: AN 

Integrated Energineering Design for Advanced Materials. Copyright 2010 Springer 

Over the past few years, the CVD process has emerged as an important and promising method 

for the preparation and production of nano-sized carbon-based materials for energy conversion 

systems. Carbon nanotubes (CNTs) and carbon nanofibers (CNFs), considered key carbon 

materials in nanotechnology, have been synthesized by the CVD process and have been widely 

used as catalyst supports for PEMFCs in order to reduce the materials cost to lead to a reduction 

in system cost. Both CNTs and CNFs possess excellent conductivities, large surface areas, and 

structural stability33,70,71.  

CNTs have cylindrical geometry in nano scale with the diameter of 0.5-20 nm and the length up 

to a few centimeters. CNTs can essentially be divided into two categories: single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) with relatively high 
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electrical conductivity. The SWCNT structure consists of a polyaromatic mono-atomic graphene 

sheet made of hybridized carbon atoms with a hexagonal display. MWCNTs are made of two to 

several tens of graphene cylinders stacked with an adjacent layer spacing of around 0.34 nm72–74. 

CNFs, as key carbon materials, have also been used as a catalyst support. Compared to CNTs, the 

diameter of CNFs can be larger and easily reach 500 nm. Moreover, there is no hollow cavity in 

the CNF structure72. Figure 20 shows the different types of CNTs and CNFs75. 

 

Figure 20. Different accepted structures of carbon-based fibrous nanomaterials. (A) Single-wall CNT, (B) multi-walled CNT, 

(C) stacked cup CNF, (D) fishbone solid CNF, (E) fishbone hollow core CNF, (F) ribbon CNF, (G) platelet CNF, (H) spiral CNF. 

Reproduced from Canu et al. Int. J. Hyg. Environ. Health 2016, 219 (2), 166-175. Copyright 2016 Elsevier 

Many studies have reported CNT growth using various CVD processes such as thermal CVD 

(catalytic CVD)76, plasma-enhanced CVD (PECVD)77, laser-assisted CVD78, and hot-filament 

assisted CVD79. The CVD processes are considered the most effective methods for CNT 

fabrication due to their high scalability, variation of reactants, and high quality of the products. As 

an example, for the thermal CVD process, a variety of carbon sources such as hydrocarbons, 

carbon monoxide, and alcohol could be used as the precursor reactants76,79,80. The carbon source 

for CNT growth is decomposed in the presence of catalytic metal such as nickel, iron, 



36 

 

molybdenum, and cobalt. The dispersion and size of the catalytic metal on the substrates is also an 

important factor as the CNT diameter depends on the size of catalytic metal particles. The coating 

of the catalytic metals on the substrate can be controlled by the choice of using sputter pure metal 

films or metal-complex solutions33,81. In addition, research has shown that the initial stage of 

nucleation during the CVD process can significantly affect the quality and structure of CNTs82,83. 

Depending on the reaction chemistry and process parameters (e.g. temperature), the CVD process 

enables the selective production of SWCNTs or MWCNTs. The structure of the CNTs formed can 

be pre-determined by catalyst patterning on the substrate84–86. The gas-phase catalytic growth of 

CNTs can alternatively be performed without support material80,87.    

CNFs are also synthesized via the CVD process. The production parameters can greatly affect 

the structure and morphology of the synthesized CNFs. The CVD-fabricated CNFs consist of ultra-

high modulus properties. As a result of the growth mechanism of CNFs, it is possible to form 

different wall arrangements with respect to the axis depending upon the geometry of the metallic 

catalyst particles and the gaseous carbon reactants (e.g. hydrocarbons or carbon monoxide)88. 

Advantages of CVD 

Due to the deposition and growth mechanisms of the CVD method, there are many advantages 

that can be useful for the synthesis and deposition of nanomaterials for PEMFCs and PEMWEs. 

By modifying the CVD process parameters, it is possible to greatly impact the properties of the 

deposited materials such as modifying the surface morphology and crystal structure of the product. 

This can allow for the production of either porous or dense materials depending upon the desired 

application. The flexibility of the reactant precursors used for the CVD process allows for a wide 

variety of products that can be developed, including metals, oxides, nitrides, carbides, and sulfides.  
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In addition to the many types of materials and material structures that can be developed using 

the CVD method, another benefit to using the CVD method is the ability to fabricate uniform thin 

films on complex substrates. With the precursor gases filling the reaction chamber containing the 

substrate, the CVD method allows for uniform coatings over complex shaped components. The 

gas flow rate can also be adjusted to allow for more control over the deposition rate of the end 

products depending upon the desire for epitaxial thin films or the development of thick protective 

coatings.  

Applications of CVD 

Shao et al. investigated the electrochemical oxidation of commercial carbon black (Vulcan XC-

72) and CVD synthesized MWCNTs, both widely used as catalyst supports for low-temperature 

PEMFC application89. The results revealed that the CVD synthesized MWCNTs are more resistant 

to electrochemical oxidation compared to the commercial Vulcan XC-72 carbon black. The 

increase in total surface oxygen for the Vulcan XC-72 carbon black was more significant than that 

of the CVD-synthesized MWCNTs during 120 h holding at 1.2 V due to the specific structure of 

the CVD-synthesized MWCNTs89.  

Kim and Moon prepared PEM fuel cell catalysts with improved electrochemical properties by 

dispersing Pt nanoparticles onto CNTs synthesized under various CVD conditions90. The prepared 

Pt/CNT catalysts showed considerably larger active sites and higher electrochemical surface area 

(ECSA) than that of the commercial Pt/C catalyst. The single cell performance of the Pt/CNT 

catalyst with 41.7 wt% Pt was also better than that of the commercial Pt/C catalyst with 40.0 wt% 

Pt. The higher ECSA and performance of the prepared Pt/CNT catalyst is reported to be the result 

of higher electrical conductivity of the CVD compared to the commercial carbon black90. 
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Shaijumon et al. synthesized MWCNTs by catalytic decomposition of acetylene over MmNi2 

hybrid catalysts (Mm denotes mismatch metal) using a thermal CVD process91. Thereafter, they 

prepared the Pt-loaded MWCNT (Pt/MWCNT) cathode catalysts for PEMFC application via a 

chemical reduction method. Figure 21 shows TEM micrographs of the synthesized MWCNTs and 

Pt/MWCNT catalysts. The results indicated that the cathode catalyst with 50% Pt/MWCNT and 

50% commercial Pt/C shows the best performance for oxygen reduction reaction (ORR) due to 

better dispersion and good accessibility of MWCNT support and Pt catalyst91. 

 

Figure 21. TEM images of (a) the CVD synthesized MWCNTs and (b) the Pt/MWCNT catalyst. Reproduced from Shaijumon et 

al. Appl. Phys. Lett. 2006, 88 (25), 2004-2007. Copyright 2006 AIP Publishing 

Tsai et al. successfully grew dense CNT on the carbon cloths using a thermal CVD process70. 

The synthesized CNTs, grown directly on the carbon cloth and used as the catalyst support for the 

PEM fuel cell application, improved the electrical contact between the diffusion layer and the 

support which leads to higher active surface area for the catalyst. They also successfully formed 

Pt (~4.5-9.5 nm) and Pt-Ru (~4.8-5.2 nm) nanoparticles on the synthesized CNTs using a 

potentiostatic electrodeposition technique. Figure 22 shows TEM micrographs of the prepared 
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catalysts. The electrochemical tests showed the electrodeposited Pt-Ru catalyst exhibits better 

mass activity for methanol oxidation.  

 

Figure 22. TEM micrographs of working specimens with Pt (a) and (c), and working specimens with Pt-Ru (b) and (d) at different 

catalyst loadings. Reproduced from Tsai et al. Electrochem. Commun. 2006, 8 (9), 1445-1452. Copyright 2006 Elsevier 

Li et al. used the CVD method for the production of CNFs92. The as-prepared CNF, containing 

Cu/Ni catalysts, phosphorous, nitrogen and boron dopants, was directly used as the catalyst support 

for Pt nanoparticles for PEMFCs without any functionalization as shown in Figure 23. The CNF 

support showed a good hydrophobicity due to the presence of P, N, and B dopants. In addition, the 

synthesized Pt/CNF in this work revealed high ORR activity and promising stability with 17.7% 

ECSA loss from 500th scan to 2000th scan during accelerated stress tests. 
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Figure 23. TEM micrographs of the synthesized Pt/CNF at two different magnifications. Reproduced from Li et al. Electrochim. 

Acta 2015, 182, 351-360. Copyright 2015 Elsevier 

Future Development of CVD 

In recent years, the CVD technique has been extensively used as promising method for the 

synthesis of various 1-D, 2-D, and 3-D carbon-based nanomaterials for PEM-based energy 

conversion applications due to their unique characteristics such as electrical conductivity, 

corrosion resistance, strength, and large surface area as well as their ease of fabrication. However, 

a key challenge to enabling industries to use the high-quality carbon nanomaterials for their current 

applications is large-scale production. Therefore, further research is required to explore 

economical methods for commercial fabrication of carbon-based nanomaterials. 

 

Atomic Layer Deposition 

Another deposition process that has been used for the development of nanoparticles for advanced 

MEA fabrication is atomic layer deposition (ALD). ALD is a vapor-based deposition technique 

that is a subset of CVD technology. Similar to the CVD process, ALD involves precursor gases 

passing through a reaction chamber where the substrate is heated. 

(a) (b)
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However, contrary to the CVD method, which utilizes a continuous flow of precursor gases for 

layer growth, ALD uses a modified growth mechanism with pulsed flow of precursor gases93–97. 

With ALD, the first gaseous precursor material is pulsed into the reaction chamber until the entire 

surface of the substrate is covered in the first “half-reaction.” During this process, a monolayer of 

precursor is adsorbed on the surface of the substrate. Once completely covered with precursor 

gases, an inert gas is flowed through the reaction chamber to remove any non-adsorbed precursor. 

Once purged, a second precursor material is flowed into the reaction chamber. The second 

precursor material then reacts with the adsorbed monolayer to produce the desired catalytic thin 

film. Once the reaction has proceeded to completion, the reaction chamber is purged again to 

remove any excess second precursor material. Once purged, the process is then cycled until the 

desired thickness is obtained. 

While typical ALD depositions are surface controlled, many deposition parameters affect the 

desired end product material for the target application93,95,98. Some of these parameters include the 

substrate used, the overall ALD process parameters, and the selected precursors98. One parameter 

that will critically impact the deposit and determine whether a film or nanoparticles are formed is 

the substrate. The surface energy of the substrate compared to the surface energy of the deposited 

material will greatly impact the growth mechanism. The self-limiting growth typically 

characteristic of ALD is observed in the case when the surface energy of the substrate is greater 

than the energy of the deposited ALD material. Under those conditions, the precursor material is 

able to wet the entire substrate and allow for layered growth. However, if the surface energy of the 

substrate is less than the deposited ALD material, then Volmer-Weber island growth will occur98. 

In addition to the substrate being used, the presence of functional groups on the surface of the 

substrate could alter the nucleation sites which impact whether nanoparticles will form or a thin 
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film will be developed. As shown in Figure 24, mechanisms proposed by Setthapun et al. suggest 

that for a Pt ALD deposition, the presence of a hydroxyl group on the surface of the substrate after 

an O2 treatment would be the primary nucleation site rather than PtO 99. As the PtO would become 

reduced over time, the resulting material would be Pt nanoparticles rather than a continuous Pt 

film.  

 

Figure 24. Proposed schemes during three cycles of Pt ALD with O2 treatment on γ-Al2O3. Reproduced from Setthapun et al. J. 

Phys. Chem. C 2010, 114 (21), 9758-9771.  Copyright 2010 ACS Publications 

In addition to the effect of the substrate, the specific precursor material chosen may also impact 

the ALD process98. In many sources, trimethyl(methylcyclopenadienyl) platinum (IV) 

(MeCpPtMe3) is the traditional precursor material for Pt ALD98–112. However, other literature 

sources have examined utilizing other Pt precursor materials such as platinum acetylacetonate98. 

For this, it is important to account for the thermal stability of the precursor to obtain the desired 

result. Platinum acetylacetonate is not thermally stable for traditional ALD, but can be a low-cost, 

suitable precursor when operating under other low temperature ALD conditions. 

Lastly, another major ALD parameter is related to the reactant gas flowed into the reaction 

chamber during the second half-reaction98. Traditional ALD uses oxygen gas to react with the 

organic ligand of the precursor material to leave the desired material on the substrate98–101,103,104,106. 

However, the use of oxygen typically requires a minimum operating temperature of 250°C. Other 
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researchers have used ozone as the reactant gas98,102,105,107,108,111. The reactivity of ozone allows for 

the ALD process temperature to be reduced to around 100°C while also functionalizing the surface 

of the substrate to improve nucleation98. This allows for an increase in the growth rate when using 

ozone.  

Advantages of ALD 

The unique growth mechanism of the catalyst film by ALD allows for many distinct advantages. 

One of the main advantages to ALD is its ability to deposit nanoscale thin films with uniform 

thickness. Unlike in CVD where the precursor gases are allowed to decompose in the gas-phase 

and on the substrate surface, which can result in nonuniform deposition thicknesses, the pulsed 

precursor injection associated with ALD allows for a much more uniform deposition. Due to the 

self-limiting growth associated with ALD, excess precursor material will not adsorb onto already-

adsorbed precursor material93. As a result, it is possible to obtain thin films with uniform thickness 

regardless of substrate porosity or tortuosity. Additionally, the growth mechanism causes the thin 

films to be much thinner than in CVD or many other vapor-based deposition techniques with 

angstrom scale layer growth per cycle93. This can be beneficial when developing materials for 

PEM-based devices as a method to reduce the total PGM loading of the cell electrodes. 

In addition to the uniformity of the coatings, another major benefit to utilizing ALD is the 

scalability of the deposition process. Since the ALD process is primarily controlled by the active 

surface rather than the deposition process parameters, ALD scalability is only limited by the size 

of the reaction chamber93,95. Since the precursor will only adsorb to the active surface and can be 

flowed into the reaction chamber until the entire surface is coated, the only limitation to the size 

of the deposition area is the size of substrate that can fit within the reaction chamber. 

Applications of ALD for PEMFCs 
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One of the many challenges for PEMFC electrode development is the fabrication of electrodes 

with low catalyst loading while maintaining high catalyst activity. One method for obtaining Pt 

nanoparticles over a uniform area is with ALD. Research has demonstrated the ability of ALD to 

deposit Pt nanoparticles on a number of various substrates. Among those substrates are carbon 

catalyst supports which could be used for PEMFC applications. Recently, Liu et al. have developed 

an ALD process that allows Pt nanoparticles to be deposited on carbon nanotubes (CNT)100. The 

authors deposited Pt by using MeCpPtMe3 as the platinum precursor and used oxygen gas as the 

second precursor gas. By first functionalizing the CNT surface through a nitric acid treatment 

process, Liu et al. was able to deposit Pt nanoparticles onto the CNT support and determined that 

increasing the acid treatment time resulted in high Pt loadings due to an increase in the number of 

functional groups on the CNT surface. Similarly, Shu et al. examined the deposition of Pt 

nanoparticles on CNT supports that were functionalized in a citric acid treatment process101. 

Following 100 ALD cycles, Shu et al. were able to deposit 3-5 nm Pt nanoparticles uniformly 

distributed on the CNT supports as determined from TEM micrographs.  In order to determine the 

activity of the Pt ALD catalyst, Shu et al. compared MEAs developed with Pt from ALD to 

commercial MEAs from Johnson Matthey. The polarization curves measured from MEAs 

fabricated with ALD-Pt and commercial MEAs from Johnson Matthey are compared in Figure 25. 

According to the resulting data, Shu et al. determined that the power density of the cells developed 

using Pt from ALD was 2.95 kW gPt
-1 at 80°C operation while the cells from Johnson Matthey 

exhibited a power density of 1.90 kW gPt
-1 at 80°C. Additionally, the cells fabricated with ALD 

showed similar stability at 0.7 V steady-state operation for over 50 hours compared to the 

commercial cell. 
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Figure 25. Polarization curves measured with MEAs assembled with (a) ALD-Pt and (b) commercial Pt (Johnson Matthey) 

anodes at 40, 60, and 80°C. Reproduced from Shu et al. Electrochim. Acta 2012, 75, 101-107. Copyright 2012 Elsevier 

In recent years, researchers have also begun to utilize the ALD process to reduce PGM catalyst 

loadings in the electrodes. One way to reduce the PGM loading is to develop core-shell catalysts 

which non-PGM cores with catalytically active PGM shells. These core-shell catalysts utilize 

much less PGM material as only a thin shell is required. In addition, Baker et al. and Clancey et 

al. have deposited thin films on TiO2 nanoparticles to create novel catalysts for PEM fuel 

cells109,110. In order to allow for appropriate adhesion of Pt on the TiO2 core, thin ALD layers of 

Al2O3 and W are first deposited onto the TiO2. With the modified surface chemistry of the 
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nanoparticle core, the Pt can then be deposited onto the outer W shell with uniform Pt growth. 

Figure 26 shows how the Pt layer thickness and Pt layer density changes with an increasing number 

of ALD cycles. At layer thicknesses greater than 1.5 nm, it is possible to obtain a continuous Pt 

film with a density greater than 95% of bulk Pt109.  

 

Figure 26. Pt film thicknesses and density versus number of ALD cycles on W ALD adhesion layer using MeCpPtMe3 and H2 

plasma as reactants at 120°C over all 1000 ALD cycles. Reproduced from Baker et al. Appl. Phys. Lett. 2012, 101 (11), 111601. 

Copyright 2012 AIP Publishing  

Applications of ALD for PEMWEs 

While the ALD method has been shown to be a feasible process for the development of Pt/C 

catalysts for PEMFCs, additional research has been performed in order to explore its applicability 

for the development of catalysts for the oxygen evolution reaction that takes place on the anode of 

the PEMWE. In recent years, research has begun on the development of iridium by ALD for water 

electrolysis applications97,113–115. Schlicht et al. recently reported they were able to develop an 

iridium deposition process using ALD113,114. The authors used ethylcyclopentadienyl-1,3-

cyclohexadiene-iridium (I) ((EtCp)Ir(CHD)) as the first precursor material with ozone as the 

second precursor gas. Working with these precursors and gases, they were able to deposit Ir thin 

films on anodized aluminum oxide and TiO2 nanotube supports. The electrochemical performance 



47 

 

of the ALD deposited Ir was then examined and determined that at 10 mA cm-2, the overpotential 

is less than 0.24 V which is lower than other cited Ir or IrOx developed by other techniques114. 

Similarly, work on the development of Ir thin films by ALD was performed by Matienzo et al. 

using iridium acetylacetonate and ozone precursors115. During the deposition, a growth rate of 

0.53Å per cycle was estimated and an oxygen overpotential of 0.285 V was measured at 1000 mA 

cm-2. These results confirm the feasibility of ALD to deposit thin Ir films which have high activity 

and can be used in future PEMWE development. 

Future Development for ALD 

Due to the many different components associated with the ALD process, there are many 

possibilities for future development. In many cases, modifications to the ALD process are being 

examined for improving the development of nanomaterials116. One study by Xu et al. modified the 

ALD process to obtain Pt nanoparticles with high activity by developing passivation-gas-

incorporated ALD (PALD)108. While Xu et al. used MeCpPtMe3 and ozone precursors similar to 

the ALD process, the primary difference with PALD is that carbon monoxide was flowed into the 

reaction chamber at the end of each cycle. The carbon monoxide adsorbed onto the deposited Pt 

nanoparticles preventing further Pt deposition at that site in the following cycles. By suppressing 

the thickness of the Pt nanoparticles, PALD allows for two-dimensional growth of the Pt 

nanoparticles, which results in a significant increase in the catalyst activity as shown in Figure 27. 

The catalyst activity was tested through rotating disk electrode experiments where the mass 

activity at 0.9 V vs. RHE was determined to be greater than 1.3 A mgPt
-1, which greatly exceeds 

the DOE target of 0.44 A mgPt
-1.  
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Figure 27. (a) Mass loadings of Pt deposition via ALD (blue) and PALD (red) as a function of the deposition cycle number. (b) 

Mass activity, (c) electrochemical surface area, and (d) specific activity of ALD and PALD samples for ORR as a function of mass 

loading. Reproduced from Xu et al. Nat. Catal. 2018, 1, 624-630. Copyright 2018 Springer Nature  
 

Another modification to the ALD process that is under development is the spatial ALD (SALD) 

process104,116. With SALD, the substrate is fed through a reactor system that has distinct reaction 

zones separated by inert gas regions as illustrated in Figure 28. This design removes the need for 

distinct purging cycles and allows for high throughput catalyst development which can be used for 

commercialization of this fabrication technique. Research by van Ommen et al. has examined 

SALD for the development of catalysts with Pt nanoparticles deposited on TiO2 using just one 

ALD cycle as a proof-of-concept104. While the research by van Ommen et al was not designed for 

catalyst development for PEM devices, it shows the capability of SALD to deposit Pt nanoparticles 

and it demonstrates, through further modifications of the SALD process, it would be possible to 

obtain the additional cycles required for the development of catalysts for PEM. 
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Figure 28. Schematic of the spatial ALD reactor consisting of (f) a fluidized feeding vessel, a pneumatic transport line made of 

three segments: (i) preheating, (ii) precursor reaction zone, (iii) co-reactant reaction zone, and (c) a collection vessel. Reproduced 

from van Ommen et al. J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 2015, 33 (2), 021513. Copyright 2015 AVS 

Another possible scale-up mechanism for the development of supported catalysts by ALD is 

through the use of a fluidized bed reactor. Li et al. were able to demonstrate the ability of this 

technology by depositing Pt nanoparticles on a silica gel powder117. While maintaining fluidization 

for the inlet precursor gases, in-situ mass spectrometry allowed Li et al. to determine when the 

half-reactions were completed. Results from this research showed that after 3 ALD cycles, it was 

possible to obtain Pt nanoparticles with an average particle size of 1.2 ± 0.3 nm with 90% 

dispersion on the silica support. Further development of such a technology may provide a high 

throughput mechanism for the development of supported catalysts for PEM technologies. 

 

Other Vapor-based Processes 

In addition to the main vapor-based processes listed above and their derivatives, there are 

additional catalyst synthesis and deposition techniques discussed in this section. Among those 

processes are plasma-based processes such as plasma enhanced chemical vapor deposition 

(PECVD) and magnetron sputtering118–121. Magnetron sputtering is capable of producing PEMFC 

MEAs with higher performance compared to traditional methods. Cavarroc et al. fabricated 

cathodes for PEMFCs with a Pt loading of 0.01 mgPt cm-2, which have a specific power of 20 kW 
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gPt
-1.119 Laurent-Brocq et al. propose another similar plasma-based method in which a low-

temperature radio frequency plasma deposition process is used to synthesize Pt electrocatalysts122. 

As-synthesized Pt nanoparticles have a uniform particle size distribution of 3-4 nm and are evenly 

distributed on carbon supports during the plasma treatment process122. A recent review by 

Alexeeva and Fateev details additional benefits of the magnetron sputtering process as an 

electrocatalyst synthesis technique and provides suggestions for future advancements121. 

Another emerging nanoparticle synthesis process that could be useful for the development of 

electrocatalysts is spark ablation123,124. During the spark ablation process, electrodes are connected 

to an electrical circuit. The current in the circuit is oscillated at high frequencies (~1MHz) which 

creates a spark between the electrodes. The spark causes the electrode material to evaporate and 

form nanoparticles with the same composition123. Depending on the electrode material used and 

the electrical circuit parameters chosen, it is possible to control both particle size and resultant 

nanoparticles composition. Thus, pure metallic nanoparticles or nanoparticles with a multi-

elemental composition can be synthesized by this method123. Lu et al. have used the spark ablation 

technique to synthesize pure silver nanoparticles, which were deposited directly onto carbon fibers 

and tested for their HER activity124. While this spark ablation method has many advantages, 

scalability may be a concern for commercial fabrication of electrocatalysts due to long deposition 

times. For example, Lu et al. reported the theoretical production rate of their Ag nanoparticles is 

around 2.4 mg hr-1, which is too low and hinders its applicability in the desired large scale roll-to-

roll catalyst manufacturing process124. 

 

Discussion 

Comparison of Vapor-based Processes 
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Each of the vapor-based processes discussed in this review have unique advantages and 

disadvantages as detailed in Table 1. For example, with spray pyrolysis, operators have the 

capability to control both particle size and pore size depending on the desired application of the 

catalysts or supports. This manufacturing control allows for the development of highly active and 

durable catalysts. Similarly, spray pyrolysis precursors can be chosen so that the elemental 

composition of the desired nanoparticles can be tightly controlled. The benefits of microstructural 

and composition control have led to spray pyrolysis being used in commercial settings with patents 

being filed to allow for high throughput fabrication of electrocatalysts. Despite these positives, one 

disadvantage of spray pyrolysis is that it is an energy-intensive process that requires a significant 

amount of added heat to decompose the precursor materials to the desired catalyst nanoparticles. 

With furnaces set to operate between 300-700°C, a significant amount of energy is required to 

produce the desired electrocatalysts which can lead to a costly process. This high temperature 

operation also requires additional processing steps so that the fabricated catalyst can be deposited 

onto the desired membrane or GDL for application in PEM-based electrochemical devices. 

While simultaneous catalyst synthesis and thin film deposition may not be possible for PEM-

based devices with spray pyrolysis, it is a major advantage for the RSDT process. By incorporating 

an air quench, the RSDT process is able to control the substrate temperature so that the 

electrocatalysts being synthesized in the RSDT flame can be directly deposited onto membranes 

to create MEAs in one step. In addition to the ability to directly deposit the catalysts onto 

membranes and other temperature-sensitive substrates, the RSDT process has similar advantages 

to spray pyrolysis. By adjusting RSDT parameters, it is possible to precisely control the particle 

size of the nanoparticles while adjusting the precursor solution composition can allow for control 

of the elemental composition of the desired catalyst. One of the main disadvantages of the RSDT 
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process at this time is the scalability of the process. Further improvements in this technology are 

required in order to reduce the fabrication time of large scale MEAs, as well as to increase the 

overall efficiency of the deposition process. 

CVD and ALD both have similar advantages and disadvantages. One of the main advantages to 

using CVD and ALD are that both allow for the deposition of uniform coatings. Due to the unique 

deposition process, it is possible to develop thin films with a specified thickness over complex 

structures. By limiting the amount of excess material deposited with CVD or ALD, it is possible 

to reduce the catalyst loadings when using these deposition processes. However, CVD and ALD 

are ultra-high vacuum techniques, and both are limited by the size of the reactor which will limit 

their use in commercial catalyst synthesis and deposition. In addition, both methodologies require 

long deposition times due to their deposition mechanism. 

 

Table 1. Comparison of Vapor-based Techniques 

Process Advantages Disadvantages 

Spray Pyrolysis 

• Particle-size control 

• Pore-size control 

• Catalyst Composition Control 

• Secondary Processing 

Required for MEA 

Fabrication 

• Furnace Required 

Reactive Spray 

Deposition 

Technology (RSDT) 

• Particle Size Control 

• Catalyst Composition Control 

• One Step Catalyst Synthesis 

and Deposition 

• Electrode Morphology Control 

• Open Atmosphere Operation 

• Small-Scale Operation 

• Deposition Efficiency 

Chemical Vapor 

Deposition (CVD) 

• Precursor Flexibility 

• Catalyst Morphology Control 

• Controlled Uniform Thickness 

• High Vacuum Required 

• Limited Scalability 

Atomic Layer 

Deposition (ALD) 

• Precursor Flexibility 

• Catalyst Morphology Control 

• Controlled Uniform Thickness 

• High Vacuum Required 

• Limited Scalability 

 

Comparison to Traditional Processes 
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While it is important to be able to compare the vapor-based processes to one another, it is also 

important to compare those processes with current manufacturing processes. As previously 

mentioned, two common methods for commercial MEA fabrication are screen printing and decal 

transfer. While both of these processes have been demonstrated at an industrial scale and have 

demonstrated high performance suitable for commercial use, there are a few disadvantages that 

must be addressed. For example, screen printing can be a time-consuming process due to multiple 

ink application and drying steps and decal transfer requires a hot-pressing step that can potentially 

result in microstructural changes to the catalyst layer. In addition, it is important to note that both 

methods exclude the catalyst synthesis step, which is time-consuming and adds to the overall time 

for the MEA fabrication while the vapor-based methods include material synthesis. Furthermore, 

while screen printing and decal transfer have both led to a decrease in catalyst loading, the catalysts 

developed by vapor-based processes have allowed for particle size and pore size modifications, 

which results in improved MEA performance operation with even lower catalyst loadings.  

The roll-to-roll manufacturing technique is seen as the primary method for industrial-scale MEA 

fabrication. One of the major benefits of roll-to-roll manufacturing is the ability to create large 

MEAs in a short period of time. Analysis has shown that, in order to meet the expecteddemand for 

PEMFC MEAs, MEAs need to be produced at a rate of 20 m2 min-1.125 Roll-to-roll manufacturing 

is expected to reach that production rate. However, roll-to-roll manufacturing faces many 

challenges. Mauger et al. demonstrated a roll-to-roll process with catalyst ink applied to the 

membrane using gravure rollers125. Results showed that the speed of the roll-to-roll components 

will impact the uniformity of the layer with a higher ratio of gravure cylinder speed to web speed 

resulting in a more uniform layer.125 However, this higher speed ratio also results in a higher 

catalyst loading (~0.12 mgPt cm-2). This catalyst loading is similar to what has been obtained with 
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vapor-based processes. Additionally, the roll-to-roll manufacturing method has shown to have 

lower catalyst activity compared to other processes. Mauger et al. reported that the roll-to-roll 

process demonstrated an ORR mass activity of a Pt/HSC catalyst as 322 ± 38 mA mgPt
-1 at 0.9V 

when operating at 80°C, 100% relative humidity, and 150 kPa125. Compared to the RSDT process, 

Yu et al. reported an ORR mass activity of a Pt/KB catalyst as 510 mA mgPt
-1 at 0.9V when 

operating at 80°C, 100% relative humidity, 280 kPa with a similar catalyst loading as the roll-to-

roll MEA examined by Mauger et al47. While the RSDT is not currently capable of operating at 

the industrial-scale, its open atmosphere operation allows for the RSDT process to potentially be 

incorporated into roll-to-roll manufacturing in the future. 

 

Conclusions 

While there have been significant research efforts over the years with the intent of improving 

the performance of the PEMFCs and PEMWEs, there also needs to be research that examines the 

manufacturing techniques used to fabricate nanomaterials for these PEM-based systems. With 

improvements to the current manufacturing methods, it is possible to make both PEMFCs and 

PEMWEs more economically feasible by reducing the PGM catalyst loadings, improving catalyst 

activity, and improving the scalability of the manufacturing techniques. Vapor-based 

manufacturing techniques, such as spray pyrolysis, RSDT, CVD, and ALD all have the capability 

of fabricating advanced nanomaterials that can boost the commercialization of PEMFCs and 

PEMWEs.  

Literature sources have demonstrated that each of the reviewed vapor-based catalyst synthesis 

methods have the ability to produce nanomaterials that improve upon the performance of current 

state-of-the-art catalysts. Many of these performance improvements can be attributed to the 
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physical properties of the deposited materials that can be tuned using these unique synthesis 

methods. For example, by improving the distribution of the PGM nanoparticles on the catalyst 

supports by using the spray pyrolysis method22 and developing novel catalyst supports by the CVD 

technique91, catalyst performance improvements have been achieved. Also, through the fabrication 

of non-PGM catalysts with the spray pyrolysis method25,26 or the development of thin Pt layers on 

non-PGM supports from ALD109,110, vapor-based methods have shown the ability to create cost-

effective catalysts for PEM-based systems. Lastly, literature has shown that the vapor-based 

methods can improve MEA fabrication methods by combining catalyst synthesis and deposition 

into one step, which enables the direct fabrication of catalyst layers on PFSA membranes at open 

air conditions, as demonstrated by the RSDT process46,52. 

Despite recent advances made in the vapor-based synthesis and deposition techniques, future 

development of these methods needs to examine the ability to scale up the processes to assist in 

the overall cost reduction of PEM-based systems. With spray pyrolysis, the process temperature 

remains too high for the direct deposition of the fabricated catalysts onto the desired end substrate. 

This requires the use of costly traditional deposition techniques to fabricate MEAs. Similarly, the 

catalyst materials synthesized by the CVD and ALD methods require traditional deposition 

methods for MEA fabrication. Meanwhile, RSDT has the ability to directly deposit the desired 

catalysts onto MEAs in one step. 

In general, there has been significant research examining the development and optimization of 

vapor-based catalyst synthesis and deposition techniques in recent years. Each technique has 

shown significant improvements in catalyst performance compared to traditional catalyst synthesis 

methods while additional research is required to improve the scalability of each technique which 
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will allow for a widespread use of these vapor-based processes in the development of PEM-based 

systems. 
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