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Abstract:

Significant progress has been achieved in the development of nanomaterials for polymer electrolyte
membrane fuel cells (PEMFC) and solid oxide cells (SOC). However, the limited scalability and multi-step
processing of the conventional synthesis routes for the electrocatalysts, their supports and thin functional
films in general (e.g., co-precipitation and solid-state synthesis) remain a great challenge for inexpensive
production of these energy materials and cells. These drawbacks could be overcome by flame spray
pyrolysis (FSP), a simple, rapid, scalable and single step fabrication technique. Here, a comprehensive
review on flame-based synthesis and deposition techniques with a major focus on FSP for PEMFCs and
SOCs is presented. Flame-made materials of practical importance including Pt, Pt alloys, metal-nitrogen-
carbon catalysts, perovskites and catalyst support structures, and their performance are discussed along

with challenges and opportunities to bridge the gap between materials research and cell development.
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1. Introduction:

Fuel cells can convert chemical energy from fuels directly to electrical energy using electro-catalytic
reactions with system efficiencies of 50 % (low temperature fuel cells) to 60 % (high temperature fuel cells)
[1]. Among the various types of fuel cells, PEMFC and SOC are the most promising systems because of
low operating temperature and high energy conversion efficiency, respectively [[2], [3]]. In 2019, fuel cell

sales totalled for the first time on a gigawatt scale, the majority of them being of PEMFC and SOC types [4].

Thereby, PEMFC technology was mainly deployed in residential, automotive, and portable applications
using systems up to a few hundred kilowatts electrical power. Many barriers to widespread
commercialization have been overcome during the last decades. Nevertheless, two main challenges remain
for the PEMFC technology: durability and costs [5]. In order to master these, challenges new materials with
improved stability, lower PGM loading and facilitated manufacturing methods have to be developed [6]. A
variety of promising catalyst classes are under investigation for PEMFCs to meet the PGM loading targets
[7]. This includes carbon-supported Pt (Pt/C), Pt alloy (PtRu, PtCo, PtNi, etc.), core-shell (Pd@Pt), and non-

precious metal catalysts (Fig. 1) [8].
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Fig. 1: Development timelines for PEMFC electrocatalysts indicating technology readiness: for Pt, Pt-
based alloy, core—shell, nonprecious metal, shape-controlled, and nanoframe ORR electrocatalysts [8].

Adapted from ref. [8] with permission from ACS.

Due to their high efficiency and the fuel flexibility, SOCs are typically applied in stationary, industrial, and
power generation modules with a wide power range from a few kilowatts to several megawatts [9]. The key
factor for widespread commercialization is the economic competitiveness that must be achieved by lower
cost for manufacturing and for materials, such as avoidance of rare-earth elements. A further limiting factor
is the high operation temperature of 700-900 °C. Novel and inexpensive electrode and electrolyte materials

are required, which maintain their conductive and catalytic properties even at lower temperatures [10].

Consequently, a key hurdle in enabling commercialization of both fuel cell technologies is the cost for
synthesizing active hanomaterials for electrodes/electrolyte components and the scalability of fabrication

processes without compromising structural and functional features of the nanomaterials [[8], [11], [12]].

Several methods have been investigated for the fabrication of nanostructured fuel cell components, which
include conventional chemical synthesis (e.g., co-precipitation, sol-gel, hydrothermal, citrate method, spray
pyrolysis), reactive sputtering, plasma spraying followed by spark plasma sintering, powder processing
techniques (spin-coating, tape casting, screen printing) and vapour deposition processes [[13], [14], [15]].
However, all of these methods typically require multiple process steps and are often energy-intensive.
Furthermore, they are limited by scalability, the high degree of particle agglomeration, and unfavourable

microstructures of the deposited thin-films [[13], [14], [15]].



The majority of the above-mentioned synthesis routes for nanomaterials are typically suitable for small-scale
batch-type laboratory research [[12], [14]]. For instance, the synthesis of a catalyst by wet chemical methods
often takes several hours per batch, excluding the time required for filtration, purification, and drying. The
guantity of product usually is in the microgram to gram scale - barely enough to characterize the catalyst
ex-situ and to perform single cell tests. Scaling up these processes is time-intensive and challenging, as
thermal and chemical gradients become more severe and non-linear when the volume of the reaction
solution is increased. Moreover, lengthy wet chemical preparation routes can cause the dissolution of nano-
catalysts by Ostwald ripening, whereby large particles grow larger and smaller ones shrink. This makes
surface area and shape control of the catalysts very challenging and can reduce their activity [[16], [17]].
Furthermore, simultaneous synthesis of supporting structures (e.g. carbons or metal oxides) or functional
oxides (e.g. CeO2 and Sn0O3) along with the electrocatalysts and the controlled introduction of dopants (e.g.

N, Nb) is not achieved easily with these techniques.

In materials development for SOC components, calcination, sintering, and post-sintering treatments play a
crucial role in the performance of the cell and in reducing the operating temperature of SOCs to less than
600 °C [18]. Commonly used materials like yttria-stabilized-zirconia (YSZ), NiO/YSZ cermet electrodes,
lanthanum ferrite-based perovskites, doped ceria materials, and their composites are prepared by wet-
chemical synthesis that is associated with the previously mentioned drawbacks while two-step solid-state
reaction sintering for several hours causes undesirable grain growth, structural instability, and lowers the
electrochemically active surface area (ECSA) [[3], [11]]. Thus, for the reliable and economical manufacture
of fuel cell materials, a process is needed that operates under the same conditions at lab-, pilot-, and large

scale and is applicable for the production synthesis of a wide class of catalysts and electrodes.

Flame Spray Pyrolysis (FSP) is one of the promising flame-based synthesis technologies that could meet
these requirements because the technique enables the rapid and continuous production of nano-powders
in a single step [16]. The flame is fuelled by an organic solvent-based precursor solution that can contain
several metal compounds and is atomized and combusted vyielding product nanoparticles within
milliseconds. The high temperature environment of the flame induces direct calcination and purification from
organic or volatile contaminants [[16], [19]]. This in-situ way of synthesizing typically crystalline
nanomaterials at high temperatures eliminates the need for various conventional pre- and post-treatment
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steps and serves as a potential platform for the cost-effective and scalable production of nanomaterials with
uniform composition and well-defined structural features. FSP-made nanomaterials have already found
application for instance in ceramics, photocatalysis, biomaterials, medicine, batteries, semiconductors and
sensors [[20], [21], [22], [23], [24]]. The rising interest in flame aerosol synthesis of nanomaterials is primarily
due to its flexibility, speed, and scalability in nature [16]. The inherently continuous process can be scaled
up by maintaining the particle residence time in the high-temperature reaction zone. Gréhn et al. [19], for
instance, have increased the production rate for zirconia nanoparticles up to about 500 g h! without
significantly affecting the nanoparticle characteristics such as primary particle and agglomerate size,

morphology and crystallinity. Also, pilot-scale FSP plants producing several kg/h have been realized [25].

The versatility of the FSP method permits the synthesis of numerous nanomaterials with different
microstructures for various applications including energy-related ones by changing the precursor solutions
accordingly. FSP as a rapid nanomaterial synthesis technique facilitates systematic optimization of materials
by variation of experimental conditions and geometric arrangements that govern flame characteristics and
the particle residence time, such as precursor concentration, gas and precursor flow rates, quench and
particle deposition distance or flame confinement. Thereby, laboratory-scale reactors generate nano-
powders for each condition as quickly as a few minutes and as much as a several hundred milligrams.
These features are the main advantages for the development of novel nanomaterials for fuel cell
components, where expensive PGM and rare earth elements are used. Small batches for cost-effective
screening and material optimization are obtained readily and the upscaling to a continuous process is
comparably easy to implement. Consequently, substantial consumption of expensive resources can be

avoided.

Until now, most publications on FSP for fuel cell applications focused only on material synthesis and lack
electrochemical performance evaluation, especially for SOCs. This lack and the scarce use of FSP in the
development next generation fuel cell materials may be caused by the missing link between FSP and fuel
cell researchers. Therefore, the purpose of this review is (i) to provide a comprehensive view of recent
progress in the synthesis and direct deposition of flame-made electrocatalysts for electrode/electrolyte
components of PEMFC and SOC devices and (ii) to create awareness and bring researchers from FSP and
fuel cell technologies close together. At first, this review will introduce and briefly discuss FSP techniques.
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Then physicochemical and electrochemical properties of flame-made nanomaterials and films are
addressed as well as fuel cell performance, if available. The basics of science and technology of flame
synthesis, FSP and fuel cells are not covered in detail, though. Readers interested in further information on
flame synthesis techniques are referred for instance to reviews by Koirala et al., Schimmoeller et al. or Teoh
et al. [[16], [26], [27]]. Also, the review focuses on classical FSP techniques, i.e. liquid-fed spray flames
where the precursor solution provides a substantial part of the combustion enthalpy [[28], [29]]. Related
methods such as solid-fed sprays [30] or spray pyrolysis with extrinsic heating by a gaseous flame (so-
called “flame-assisted spray pyrolysis” [[31], [32]]) or a furnace are not covered. Finally, a perspective on
the future opportunities offered by the FSP technology for the development of sustainable fuel cells is
provided and the possibility to boost the development of new generation materials for fuel cell applications

is highlighted.

2. FSP Operation

A liquid-fed FSP set-up with various potential configurations is shown in Fig. 2. The metal-containing liquid
or solid starting materials (precursors) are usually diluted with or dissolved in organic solvents to the desired
stoichiometry. This precursor solution is metered to a spray nozzle, e.g. with syringe or continuous pumps
and dispersed into fine droplets, typically using a twin-fluid atomizer. Oxygen or air are the standard
dispersion gases, though other gases can be used as well. The spray is ignited and stabilized by a
concentric pilot flame (blue in Fig. 2) based on methane or other gaseous fuels and oxygen. This spray
flame actually constitutes the reactor (yellowish orange) in which particle formation and growth take place.

The precursor solution thereby provides the majority of the total combustion enthalpy of the system.
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Fig. 2: Sketch of an FSP set-up, summarising various FSP techniques for powder production and thin-film

deposition.

Inorganic or organic metal salts like nitrates, acetates or 2-ethylhexanoates along with metalorganic
compounds like acetylacetonates or alkoxides are the commonly used precursors that are soluble in organic
solvents such as xylene (AcH®%gs = -4550 kJ molt) and ethanol (-1376 kJ mol1). Also, non-volatile materials
can thus be used as precursors in FSP making it more versatile and cheaper than other gas-phase synthesis
processes that rely on starting materials with high vapour pressures [33]. Occasionally, liquified propane (-
2219 kJ mol?t) and acetone (-1772 kJ mol?) are added to the main solvents for better control of the

atomization, the heat of combustion, and the flame temperatures [34]. Additionally, preheating of the
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precursor solution containing such high equilibrium vapour pressure solvents helps to form ultra-fine

droplets by increasing the pressure before atomization [34].

If an appropriate precursor solution is chosen [35], the spray droplets evaporate or undergo micro-
explosions [[36], [37]] yielding precursor vapour that rapidly reacts to product molecules or small clusters
[16]. FSP is a bottom-up process, i.e. particles primarily grow by coagulation and sintering. In the high
temperature zone of the flame where sintering is rapid, particles fully fuse (coalesce) after collisions or form
aggregates with sinter-bridges between primary particles. In zones of lower temperatures, sintering ceases
while coagulation continues leading to the formation of agglomerates of primary particles and/or aggregates.
With decreasing particle number concentration, coagulation slows down as well. The temperature, velocity
and concentration profiles in the flame reactor along with the O: partial pressure govern particle growth and

the structural and functional characteristics of the product nanoparticles [27].

In the standard configuration, FSP is operated in the open atmosphere or in systems with abundant oxygen
for synthesizing oxide materials (e.g., CeO2, and perovskites). Depending on the precursor composition, the
flame temperature at the reaction core can reach up to 3000 °C followed by rapid cooling with high
temperature gradients of several hundred K cm-?, induced by entrainment of surrounding air [27]. AImost all

studies focussing on flame synthesis of fuel cell materials have employed this standard configuration.

Recent advancement in FSP techniques:

Shielding the flame from the atmosphere with a tube enclosure and introducing a shroud gas allows to
control the Oz partial pressure and therefore the oxidizing or reducing strength during particle synthesis [38].
Grass and Stark et al. [39], for instance, even produced metallic cobalt nanoparticles by reducing flame
spray synthesis. Such conditions would be favourable, for producing non-oxide catalysts (e.g., Pt/C, metal,
and Metal-Nitrogen-Carbon (M-N-C) catalysts), but to the best of our knowledge, have not yet been explored
for fuel cell materials apart from one study on Pt/C [40]. A tube enclosure further allows to modify the
temperature profile and particle residence time by inducing recirculation which can be exploited to attain
certain crystalline phases or larger primary particle sizes, as has been shown for some battery materials

[[41], [42]].
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A different means of altering the temperature profile is the introduction of a quench gas through a height-
adjustable thermal quench ring — a stainless steel ring with numerous tiny jet nozzles placed in or
downstream the flame that allows to rapidly freeze particle growth at cooling rates of up to 500 K cm-! [43].
Thereby, the primary particle size can be reduced [43] and the formation of metastable compounds can be
promoted [44]. For instance, Suffner et al. [45] achieved a metastable YSZ-Al.Os, where AI** cations have
been incorporated into YSZ nano-patrticles at levels above the solubility limits. The authors claimed that the
formation of metastable phases indicates nearly simultaneous nucleation of all three precursors - ZrOz,

Y203, and Al20s - from the vapour phase.

Teleki et al. [[46], [47]] and Sotiriou et al. [20] have used such a quench ring to introduce a secondary
precursor in vapour form to in-situ encapsulate FSP-made titania and silver core catalysts with silica. Here,
N2 used as vapour carrier was also acting as quenching gas and assisted in preventing excess sintering of
catalyst nanoparticles. Also, these techniques have not yet been explored for the production of advanced

fuel cell materials.

Instead of using a quench ring for secondary metal vapour introduction, multiple FSP reactors can be
combined (e.g., dual-nozzle FSP) to co-precipitate - rather than sequentially precipitate - multi-component
particles with controllable phase segregation [[27], [48]]. The technique enables independent control over
particles synthesized in each flame, and circumvents the need for multiple FSP units and post-synthesis
mixing steps to develop multi-component particles that need distinct fabrication conditions such as
temperature [40]. Moreover, the flexibility to introduce an array of nozzles could also ease production scale-

up to meet commercial volume.

The synthesized nanoparticles are either collected as a dry nano-powder on filters (glass or PTFE fibre
discs for small batches or bag-house filters for continuous production) or by electrostatic precipitators.
Particles can also be directly deposited as a film on a substrate [[49], [50]]. Also, the integration of a liquid
dispersion step into the FSP process chain has been proposed to yield wet colloidal dispersions as products
[51]. For direct deposition, the substrate is placed at an optimal height - stand-off distance - from the
atomizer to avoid direct contact with the high-temperature flame. Additionally, the substrate is typically
water-cooled to dissipate the heat experienced by the front side of the substrate [52]. Cooling enables

coating of temperature-sensitive substrates that are interesting for PEMFC component development. It
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helps to prevent thermal shock to the substrate and to reduce the stand-off distance between atomizer and
substrate for CCM manufacturing directly onto polymeric electrolyte membranes (e.g., Nafion®) or decal
foils (e.g. PTFE). However, in some configurations the substrate was electrically heated to influence the film
properties [53]. Furthermore, appropriate thermostatisation could help to prevent the condensation of water
on the substrate or to induce and control sintering for improved conductivity and mechanical layer stability
[54]. The direct deposition of nanostructured films by FSP has advantages over conventional techniques
such as screen printing and spin coating, where the stabilization of powders with high specific surface area
(SSA, >40 m? g1) is critical and limited by the paste viscosity and the solids loading [17]. Besides, FSP-
based direct deposition methods do not require additives that are associated with conventional wet
deposition processes. Typically, no additional drying cycles are required after deposition [55], the film
stoichiometry can be controlled in real-time, and different in-situ characterizations methods may be

implemented to control the process.

In summary, the range of FSP techniques and their combination offers ample opportunities for the

development of advanced fuel cell materials, that have been hardly exploited so far.

3. Flame synthesis and deposition techniques for fuel cell applications

Even though flame-based synthesis techniques have been used for producing nanomaterials for more than
two decades now, relatively few publications address the development of components for fuel cell
applications using this technology. In 2000, Hwang et al. [56], described fabrication of platinum-catalyst
coated polymer electrolyte membranes for fuel cells by the combustion chemical vapour deposition (CCVD)
technique developed by Hunt and co-workers [[49], [51], [56], [57]]. Since then research groups around the
world have developed dedicated systems analogous or similar to flame spray synthesis to fabricate
materials for SOC and PEMFC electrodes/electrolytes. These include flame aerosol synthesis (FAS) by
Choi, Lee and co-workers [[14], [58]], reactive spray deposition technique (RSDT) by the group of Maric
[[13], [34], [53], [55], [59]. [60], [61], [62], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74]],
aerosol flame deposition (AFD) by Shin and co-workers [[15], [52], [75], [76], [77], [78], [79], [80]], flame
spray deposition (FSD) by the teams of Graule and Gauckler [[17], [81], [82], [83], [84], [85], [86], [87], [88],
[89], [90]], FSP by Pratsinis, Méadler and co-workers [[40], [91], [92], [93]], liquid-precursor high velocity

oxygen fuel flame (LT-HVOF) by Liu and team [[30], [57], [94]] as well as others [[45], [95], [96], [97], [99],
12



[99], [100], [101], [102], [103], [104], [105]]. Features of some of these major flame synthesis systems are

briefly explained below.

The CCVD process of Hunt and co-workers uses pressure- and heat-assisted liquid atomization concepts
to form very fine droplets before exit through a specially designed Nanomiser® nozzle [57]. The ultra-fine
mist is then carried by an oxygen stream to combust in an atmospheric pressure flame. The resulting
materials were either coated on substrates with a roll-to-roll web stock coater or collected as nano-powder
on a rotating drum and dispersed in an appropriate liquid to obtain colloids. Using the CCVD technique,
Hunt and co-workers have synthesized and tested numerous materials/components including Pt coated
membrane electrode assemblies (MEA), Pt/C electrodes [[49], [56]], porous lanthanum strontium manganite
(LSM), Smo.sSrosCo0s3 (SSC) [57], and dense YSZ [51], gadolinium-doped ceria (GDC), and samarium-

doped ceria (SDC) [57] electrolytes for fuel cells.

Pratsinis, Madler and co-workers have pioneered the advancement and understanding of the FSP
technology and its application in the industrial-scale production of nanomaterials. While the early focus was
on catalysts for environmental applications and chemical synthesis, materials for fuel cells included carbon-
supported Pt and oxide supported noble metal catalysts [[16], [40], [43], [91]]. They were produced using
an FSP system with various configurations including single/multiple FSP nozzles, quartz tube enclosure,

guench ring and secondary precursor evaporators - similar to the arrangement shown in Fig. 2.

RSDT also follows an atomization procedure similar to CCVD using a heated reactor vessel of temperatures
up to 150 °C to take a precursor solution diluted with liquefied propane to the supercritical point (about 1000
psi) before it enters into the atomizer. Downstream a quenching ring and thus in a low-temperature zone, a
set of the air-assisted secondary nozzles can be used to spray suspensions (e.g. slurries of the support
particles and ionomer) to mix secondary droplets/nanoparticles with the flame-made patrticles in-flight before
deposition on the substrate [[55], [61]]. On the other end, the substrate holder moves such that the RSDT
flame traverses from top to bottom at a fixed rate (10-100 mm s1) in an uninterrupted loop. This set-up has
enabled the fabrication of various oxides [13], precious [67] and non-precious metal catalysts [[70], [71]],
core-shell structures [[61], [106]] and supported catalysts [60], and thin layers of porous electrodes [13],

dense electrolyte [53], and metal/ceramic supports [[55], [61], [62]] for SOC and PEMFC components.
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Choi and Lee et al. [[14], [58]], have also produced carbon-supported catalysts by FAS technique using a
specially designed acetylene-air co-flow diffusion flame reactor as shown in Fig. 3. It consisted of a central
tube surrounded by four additional concentric channels that enabled the injection of inert gases (shield gas)
between carbon source and PGM precursors to separate the carbon and Pt formation zones and to ensure
carbon agglomeration before mixing with Pt. The liquid precursor was not atomized by a nozzle but an
ultrasonic nebulizer before being transported to the reactor with a carrier gas. Unlike in other flame synthesis

methods, the enthalpy for precursor conversion primarily came from acetylene and not from the solvent.

Water—cooled tube

coagulation b/w
Pt—Ru & C agglomerates

C aggregation

Coagulational

Growth of Pt-Ru
C soot formation

Pt-Ru nucleation

Fig. 3: Schematic of the FAS set up for synthesizing Pt1Rul1/C [58]. Adopted from Ref. [58] with

permission from Elsevier and IOP Publishing Ltd.

Shin and co-researchers from Hanyang University, Korea, have deposited YSZ, GDC electrolytes, NiO/YSZ
anode, and LSM cathode films for the intermediate temperature SOC system by AFD technique. AFD uses
an oxygen-hydrogen torch made from four concentric quartz tubes to generate a flame. The centremost
tube supplied fine droplets of precursor solution carried by a stream of argon and generated by an ultrasonic
nebulizer similar to Choi et al. [14]. Fuel gas (Hz), shield gas (Ar), and oxygen flowed through the consecutive
tubes, respectively. This burner design ensured a stable flame by creating a laminar flow of the gas mixture
[[76], [80]]. Im et al. [15], have replaced the ultrasonic nebulizer with an electrostatically-assisted twin fluid
atomizer, where electrical charging of droplets generated with the help of a high velocity Ar stream led to
further breakdown yielding a very fine spray. This modification resulted in small primary patrticle sizes of 5-
25 nm even for nitrate precursors and enabled linear control of the particle size by the applied electric field.
Both ultrasonic and electrostatic atomization are suitable for research purposes but will have difficulty to
compete with twin-fluid or pressure nozzles when it comes to continuous nanoparticle production at larger

scale.
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Though each of these flame-based processes has its design advantages in terms of atomization and flame
generation, the core working principle, as described in section 2, remains the same for all. Therefore, and

for the ease of readability, all these systems will be hereafter called either FSP or flame synthesis in general.

3.1. Flame synthesis for PEMFC applications

Catalytic conversion in PEMFCs takes place in the anodic and cathodic catalyst layer, which consist mainly
of a supported electrocatalyst and an ionomer. Carbon-supported Pt and PGM-alloys are the state-of-the-
art electrocatalysts for hydrogen oxidation reaction and oxygen reduction reaction (ORR) in PEMFCs (see
Fig. 1). These nano-powders still show the greatest promise among all current catalytic structures but cannot
completely cover the cost and durability targets required for fuel cell commercialization [8]. Generally,
industrial-scale production of these catalysts is performed by impregnation of a metal precursor onto pre-
prepared carbon supports followed by a reduction step in Hz at high temperature or by reductive chemicals
in wet chemical methods [107]. Catalysts made in this way often show broad particle size distribution,
inhomogeneous catalyst distribution, and poor morphology [108]. The commonly used wet chemical
methods require a large quantity of organic surfactants and solvents for yielding a few grams of catalysts
[108]. In contrast to these techniques, FSP can continuously produce Pt-based catalyst nanoparticles from
vapour in a flame and deposit them onto support structures (e.g., carbon and oxides) along with the flame

synthesis. Table 1 shows a list of materials synthesized by flame synthesis for PEMFC applications.

Table 1: Flame-made nanomaterials and films for PEMFC applications.

Form Material Set- Metal precursor Solvent Particle size or Morphology Remarks References
up film thickness
Powder PtonC FSP Acetylacetonate Xylene or Ethanol 2.1+1.47 nm Up to 12 wt.% Pt. Dual-nozzle FSP, [40]
Uniform Pt high carbon yield.

distribution without
encapsulation and

fewer Pt clusters

Powder Pton C FAS Acetylacetonate Xylene 1.9+0.6 nm at 60 Up to 60 wt.% Pt. 82.5 m? mg;* for 25 [14]
mm sampling Uniform Pt wt.%. Low carbon
height. distribution. No Pt yield.

cluster formation
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Powder PtRu on FAS Acetylacetonates Xylene 1.9+0.6 nm at 80 Well dispersed Pt- 72.9 m? mg™* for 20 [58]
C mm sampling Ru particles of mole wt.%.
height ratio 1:1.05.
Amorphous-like Ru
mixed into Pt lattice.
Irregular size
Powder N-doped FSP Chloroplatinic acid, Ethanol. ammonia Pt of 1.34+0.6 0.55wt.% N Low aggregation of [98], [103]
Pton Tetrabutyl titanate water sprayed via nm, TiOz of 10- interstitial doping. highly mobile Pt on
TiO2 slurry nozzle 25 nm 3x increase in TiO: stabilizes active
metallic Pt° sites upon heat
treatment.
Powder Fe-N-C RSDT Iron (I11) chloride Xylene, Methanol 10-30 nm of iron- Mesoporous and Poor activity but low [70]
and Cyanamide rich nano- uniform pore AE12 =5 mV over
particles distribution. Layered 4000 cy. Chloride
encapsulated graphitic structure, contamination.
within primary
carbon
Powder Pton RSDT Acetylacetonate. Xylene Pt of 0.5-2 nm, Pt evenly distributed Low SSA and Pt [62]
CeO2 CeOg introduced via CeO0f 8-30 nm on CeO; loading.
slurry nozzle.
Film with PtonC RSDT Acetylacetonate Acetone, Xylene 2.7#1 nm bimodal distribution 62 m? mg™ [[60], [65],
ionomer on (3:1 wt.%) of pores with (68]]
Covering C by
Electrolyte diameter 1.7-10 nm
ionomer prior to Pt
or GDL & 30-100 nm
impregnation may
reduce carbon
corrosion.
Film with Pton C RSDT Acetylacetonate Acetone, about 3 nm Small and uniform 44.4 m? mg?t [66]
PTFE binder Propane, Xylene pore size
on GDL distribution at >0.5
binder/carbon ratio
Film with PtRu on CCvD - - 1-5nm Aggregation, - [109]
ionomer C irregular size/shape.
Film without PtRu FAS Acetylacetonates Isooctane, 10.3+0.3 nm Low Ru/Pt ratio. 60% higher ECSA [95]
ionomer on Tetrahydrofuran Crystalline Pt and than E-TEK10. No
GDL amorphous Ru bulk alloying. partial
surface alloying is
insufficient to form
homogeneous
composition.
Film with Pt- RSDT Acetylacetonates, Methanol, xylene 1.6+1.0 nm Uniform Pt 42.4 m? mgt [110]
ionomer on NbOW/TIN alkoxide dispersion and size
membrane distribution, porous
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and relatively

uniform film

3.1.1 Electrocatalyst synthesis by flame synthesis

Researchers at ETH Zurich have synthesized Pt/C clusters (up to 12 wt.% Pt) with 220 m? g SSA using a
dual-nozzle FSP system [40]. The lower nozzle with a quartz tube enclosure was used for sub-stoichiometric
combustion of a xylene aerosol and the formation of carbon nanoparticles in a controlled N2 atmosphere.
The upper nozzle generated Pt clusters that were mixed at an angle of 45° with the carbon support particles
formed upstream. It should be highlighted that the carbon support particles are synthesized by this approach
and are not just added in form of a slurry or dispersion. Thereby, the entire carbon-supported Pt catalyst
could be prepared in one single process step. The applied method circumvents the catalytic effect of Pt on
the combustion of carbon and the formation of carbon-embedded Pt particles. The size distribution of the
Pt clusters with mean diameter of 2.1 nm had a geometric standard deviation close to the theoretical value
of 1.46 for Brownian coagulation-coalescence in the free-molecular regime, indicating that Pt cluster
formation (nucleation and coagulation) took place in the gas-phase before deposition on carbon support
particles [40]. ECSA was not tested in this study. However, 10 wt.% Pt/C showed fair activity in the catalytic
hydrogeneration of cyclohexane but still lower than that of 5 wt.% commercial Pt/C. This may indicate a

need for improvement of Pt dispersion uniformity and removal of large Pt clusters.

Tight control on particle size and morphology is a must to avoid undesired particle coarsening that influences
the catalytic activity. Roller et al. [68] have studied the influence of the oxidant content in their spray flame
on Pt nanoparticle formation (without carbon support). It was found that increasing the oxygen flow rate at
a constant fuel flow of 4 mL min-! resulted in an increase in particle size and crystallinity as well as
significantly reduced formation of very small and large Pt clusters. This was attributed to increasing flame
turbulence leading to better disintegration and mixing of droplets, and more complete combustion in the
reaction zone. Electrochemical activity tests of electrodes based on flame-made Pt showed that mass
activity increased from 120 to 610 mA mger! and specific activity from 0.15 to 1.35 mA cm, respectively
for anincrease in oxygen flow rate from 3.7 to0 9.3 L min-* (Fig. 4) [[68], [111]]. Though the increase in oxygen
flow rate seems beneficial for a narrow Pt cluster size distribution, it may significantly reduce the carbon
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yield in case of Pt/C synthesis. Therefore, a careful control of the oxygen partial pressure as well as the
temperature field in and around the flame is crucial, along with a separation of reducing and oxidizing

regions.

)642( 8 332°C 331°C

fuel flow: 4 mL/min

11

3.71 Umin 5.08 L/min 6.46 L/min 7.85L/min 9.30 L/min

b) I Mass activity
I Specific activity

3 4 5 8 7 8 9 10
Oxygen flow rate (SLPM)

Mass (mA/mg)/Specific activity (mA/cmg,?)

Fig. 4: (a) Flames with constant fuel flow of 4 mL min-t and different oxygen flow rates of 3.7 to 9.3 L/min
along with tgas temperature at a fixed distance of 14.5 cm from the nozzle [34]. (b) Mass activity and
specific activity of different flame-sprayed Pt electrodes with increasing oxygen flow rates [68]. Adopted

from Ref. [[34], [68]] with permission from Springer Nature.

Choi et al. [14] produced Pt/C with 10-60 wt.% of Pt via a single nozzle FAS system, as described above.
Pt(acac)2 was dissolved in xylene to a concentration of 0.25 wt.% nebulized into 1-3 pm droplets in an
ultrasonic atomizer with 30 psi compressed air and fed to a burner at 2.4 L min? through a heated tube.
Nitrogen (shield gas), acetylene (source of heat and carbon), dry air (oxidant), and Ar (shroud gas or
stabilizer) flowed through four concentric annuli at 2.0, 0.14, 1.4, and 20 L min-1, respectively. Tight control

over the mean size of metallic Pt particles as 1.8 nm (Fig. 5a) to 4.1 nm (Fig. 5b) and 6.2 nm (Fig. 5c) was
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attained by simply varying the sampling heights from 60 mm to 85 mm and 120 mm. The surface
dispersion/coverage of Pt on carbon support by adjusting the flow rate of acetylene (CzH2) or the
concentration of Pt in xylene (Fig. 5e). A geometric standard deviation of the Pt size distribution close to
1.46 at 60 mm indicated Pt nucleation and growth by Brownian coagulation in the gas phase (Fig. 5d). Cyclic
voltammetry (CV) of hydrogen adsorption/desorption using a 0.5 M H2S04 electrolyte confirmed that the
ECSA is higher than 74.9 m? get, more efficient than an equivalent commercial catalyst [14]. A reason for
the high dispersion/coverage of Pt, and thereby good electrochemical performance, could be the separation
of carbon inception from Pt formation. This was similar in the dual-nozzle study of Ernst et al. [40], where it
prevented catalytic carbon burn-off and increased the carbon yield [40]. Further, a high flow rate of inert
shield gas around the flame may have prevented Pt oxidation as indicated by Roller et al. [68] and improved

the dispersion.

Using the FAS system, Lee et al. [58] produced 20 wt.% Pt-Ru/C particles (around 1:1 mole ratio of Pt:Ru)
to circumvent the CO poisoning effect that inhibits the catalytic reaction of hydrogen in fuel cells. Pt-Ru
particles had an average size of 1.9 + 0.6 nm and were performance-tested for the methanol oxidation
reaction against an equivalent commercial catalyst (E-TEK). The lower onset potential for methanol
oxidation and the lower ratio of positive and negative scans in CV have demonstrated the benefits of the
flame-made Pt-Ru/C [[58], [95]]. The ECSA was found to be 12% higher than for the E-TEK catalyst. This
indicates a higher catalytic activity of the flame-made electrocatalyst in the application and thereby high
reactivity toward the conversion of carbonaceous fuels. These results obtained for the flame made alloy
catalyst promise that the flame synthesis process can be extended to develop a range of bulk and
polycrystalline alloy electrocatalysts such as Pts-M, where 3d transition metals are used for alloy formation

[108].

19



60 mm d)I

85mm 120 mm

6 8 10 12 14
dp[nrn]

Fig. 5: (a-c) TEM images of flame-made Pt/C particles prepared from 0.25 wt.% of Pt(acac): in xylene and

0.14 L min* acetylene flow collected at sampling heights of a) 60, b) 85, and c) 120 mm; (d)
corresponding particle size distribution; () TEM image of 60 wt.% Pt/C obtained by lowering the acetylene
flow rate to 0.12 L mint [14]. (f) High-resolution TEM image showing evidence of iron oxide nanoparticle
encapsulation and (g) corresponding STEM EDX maps showing Fe distribution [70]. Adopted from ref.

[[14], [70]] with permission from ACS and Springer Nature.

Transition metal oxides are discussed in literature as candidates for highly stable catalyst support materials,
but the impact of the oxidic surface on platinum nucleation during catalyst deposition requires more complex
synthesis methods like template-assisted routes to achieve highly active catalysts [112]. In FSP synthesis,
it is possible to avoid heterogeneous nucleation/growth of noble metal catalysts directly on the support by
separating the catalyst and support precursors using a dual nozzle FSP set up [103] (or using a co-flow
diffusion flame reactor like Choi et al. [14]). Alternatively, rapid flame quenching can lead to homogeneous
nucleation of the noble metal and could thus enable independent control of oxide support (e.g., TiO2) and
noble metal cluster characteristics. By quenching the flame at 2 - 12 cm above the burner, Schulz et al. [43]
reported up to 40% smaller particle size (1.8 nm) and up to 25% higher Pt dispersion for 5-10 wt.% Pt on
TiOz2compared to unquenched flames. Higher the quench gas flow rates and thus higher cooling rates and
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Pt supersaturation in the flame led to more homogeneously-sized and uniformly-dispersed catalyst particles

and less surface diffusion of Pt on TiOa.

The reducibility of TiOz as a carrier (Pt/TiO2) promotes catalytic activity in CO oxidation and can be of interest
for CO-tolerant PEMFC catalysts [113]. However, the exothermic nature of the CO oxidation reaction causes
sintering and aggregation by breaking/migrating Pt-O bonds during long-term use in PEMFCs [114]. A
recent study by Bi et al. [98] describes in-situ interstitial N-doping in Ti-O-N and/or Ti-N-O structure by
spraying an ammonia solution via a secondary nozzle placed downstream the flame. The N-doped Pt/TiO2
exhibited Pt sizes ranging from 1-1.5 nm and showed high ECSA (Table 1) and thermal stability (AT 100 = 10
°C) towards the complete conversion temperature of CO. This can be attributed to the formation of Pt-N
bonds but was not confirmed with long-term catalytic stability studies. In a similar investigation using 26.6%
Pt-NbOx on nano-sized TiN, Daudt et al. [110] have confirmed higher half-wave potential of 0.91 V and
specific activity of 0.283 mA cmpi2 over commercial Pt/C for ORR in addition to the well-known catalytic
stability of TiN support over carbon. Together, these results have confirmed high interaction between the
thermally-synthesized catalysts and transition metal-based nano-supports, and thereby better catalytic and

thermal stability.

Sub-stoichiometric titania nanoparticles (Magnéli phases, TinO2n-1, where 4 < n < 10) are also very interesting
support materials that exhibit conductivity comparable to graphite. Roller et al. [[55], [72]] tested
commercially available Magnéli particles (Ebonex® - produced by high temperature reduction of TiOz in H2
atmosphere and followed by several hours of ball milling) as support but observed poor performance of the
MEA as compared to Pt/C-based samples. They attributed this to the low SSA of the support (about 10 m2
gl), and therefore a low quantity of Nafion® for binding. The drawbacks of the rather large size of commercial
particles could be overcome by producing sub-stoichiometric titania directly via flame synthesis [38]. Teleki
and Pratsinis [115] obtained titanium suboxide particles (TiO2x with a significant fraction of TisO17) with SSA
of up to 160 m? g* by controlling the burner to quenching ring distance in a co-flow diffusion flame reactor
at reduced oxygen flow rate. The degree of sub-stoichiometry could also be fine-tuned by changing this
distance and the precursor flow rate. Similar suboxides should be producible also by FSP as experiments
with tube-enclosed spray flames at reduced oxygen partial pressure suggest [38]. To the best of our
knowledge, flame-made Pt/TinO2n-1 has not been synthesized yet but it is expected that this material can
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be a highly stable and active catalyst system for PEMFC application if the electronic conductivity is

appropriate.

PGM-free electrocatalysts are of high interest for PEMFC to overcome the cost barriers for
commercialization. M-N-C catalysts using transition metals were demonstrated to be promising candidates
for successful integration into PEMFCs [116]. Recently, an M-N-C-based electrocatalyst was synthesized
for the first time using a modified FSP technique by Poozhikunnath et al. [70]. Fe-N-C was made by
pyrolyzing a precursor of cyanamide and anhydrous FeCls dissolved in a xylene-methanol mixture under
oxygen-lean conditions, and a fuel equivalence ratio of 2.12 in a flame with a reaction zone temperature of
about 1500 °C. Though a significant fraction of nanocrystalline graphitic carbon was found in the prepared
material (Fig. 5f,0), the presence of inactive iron-rich phases and the low N/Fe atomic ratio resulted in only
a few pyridinic M-Ny-coordinated active sites and few N-doped graphitic sites. Therefore, the ORR activity
predominantly involved the transfer of two electrons with formation and reduction in a peroxide intermediate
that lowered the activity. The presence of amorphous carbon also blocked access to active sites [71]. Given
this unoptimized composition and process parameters, RDE measurements on the FSP-synthesized Fe-N-
C showed a negligible reduction in the half-wave potential of 5 mV after 4000 potential cycles between 0.4
and 1.0 V in 0.1 M NaOH. It indicates higher stability than the equivalent wet-chemically synthesized Fe-N-
C and commercial Pt/C [70]. Despite the observed low density of active sites, the superior stability of the
FSP-made Fe-N-C catalyst is highly encouraging further investigation on flame synthesis of M-N-C as well
as other PGM-free catalysts. The author suggested that the low volume density of active sites may be
addressed by optimizing the Fe and N contents in the precursor, by exploring alternative nitrogen
precursors, and by extending the length of the nitrogen-shielded reaction zone. In addition to this, the choice

of a chloride iron precursor may have had adverse effects by inserting chlorine impurities.

3.1.2 Catalyst layer manufacturing by flame synthesis

In order to achieve cost targets for PEMFC commercialisation, substantial progress has been made to
reduce the cathode Pt loading to about 0.1 mget cm?2. A main limitation in reducing the Pt loading is
performance loss at high-current density (>1.5 A cm-2). This issue can be addressed through (i) the design
of catalysts with high and stable Pt dispersion, (ii) developing methods to improve the interaction between

Pt and ionomer (Nafion®), and (iii) the use of an optimum ratio of ionomer to carbon (I/C) because excess
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ionomer can reduce the ECSA of the catalyst, the electronic conductivity and the pore volume of the catalyst
layer (CL) and can impede the oxygen transport to the catalyst surface regardless of the catalyst loading

[2]. Different CL fabrication methods may result in different optimum I/C values.

The FSP-based RSDT method holds promise as a one-step dry deposition process for low Pt loading by-
passing traditional ink-based processing routes while independently controlling the Pt, ionomer, and support
loading ratios in the final electrode in real-time [60]. A pre-mixture of commercially available carbon particles
and ionomer was sprayed using air-assisted slurry nozzles into the relatively cold flame zone of the Pt-
forming plume. The mixing zone was chosen in such a way that the temperature was high enough to
establish interaction between Pt and support without decomposing the ionomer and before deposition onto
a gas diffusion layer (GDL) or membrane [73]. Exemplary SEM cross-section images of flame-made CL
(Pt/Vulcan with I/C = 0.5) on Nafion 211 are shown in Fig. 6a [65]. The process facilitated ionomer
penetration into the carbon mesopores of up to 20 nm before mixing with Pt nanoparticles and thereby
reduced the catalyst surface coverage by ionomer. Furthermore, it avoided localized ionomer
agglomeration, and improved Pt distribution on the carbon surface [66]. The FSP-made low-temperature
PEMFC electrodes with as low as 0.07 mgp: cm2 of Pt loading and I/C ratio of 0.3 showed a mass activity
of 0.51 A mgpe? for Pt/Ketjen black and 0.23 A mgpt? for Pt/Vulcan XC-72R. In fuel cell operation, a current
density of 1.4 A cm2 at 0.6 V in H2/O2 operation at 80°C and 100% relative humidity (RH) and ECSA of 62
m2 gl was achieved, higher than the values of equivalent CL obtained by ink-based methods. The
corresponding I-V curves are provided in Fig. 6b [65]. This indicates that the FSP-based techniques favour
establishing triple-phase boundaries (TPB - contact between ionomer, catalyst and reactant) for better
interaction between Pt, carbon, and ionomer so that less ionomer and less catalyst is required to achieve

high proton conductivity and high catalyst activity.
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Fig. 6: (a) Cross-section image of FSP-made CL on Nafion 211. (b) I-V curves of RSDT-deposited CCMs
with a Pt loading of 0.07 mg cm-2 and different I/C ratios, operated in Hz (0.261 L mint) /O2 (0.625 L min1)
at 80 °C and 100% RH [65]. (c) HAADF STEM image of Type Il cathode catalyst layer with low (40%) and
high (60%) Pt loading regions. (d) Tafel plots comparing type | (gradient particle size) and type (gradient
Pt loading) MEAs at the beginning-of-test (BOT) and end-of-test (EOT) in Hz/Air with 0.5/1.0 L min-! and

100% RH [102]. Adopted from Ref. [[65], [102]] with permission from Elsevier.

Pt dissolution at the cathode and subsequent migration into the membrane are the major cause for catalyst
degradation in PEMFC. In an effort to mitigated this issue Yu et al. [[101], [102]] fabricated cathode catalyst
layers with gradients in Pt particle size (2 to 5 nm, Type I) and Pt loading (40% to 60%, Type II) by varying
the flow rates of precursor, dispersion and quench gases during deposition. Yu et al. concluded that the
end-of-test performance of the type Il MEAs was high in comparison to the type | MEAs (Fig. 6c-d), and to

the MEAs with uniform particle size (2 nm) and Pt loading in the cathodes [102].

The CL deposition conditions also influence the electrode surface morphology and, as a consequence,

affect its specific and mass activity. For instance, Roller et al. [61] deposited Pd nanoparticles, that were
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subsequently covered with a monolayer of Pt, on glassy carbon and GDL by FSP and varied the substrate
temperature between 100 to 250 °C. Thereby, lower layer roughness was observed at higher temperature.
Moreover, Pd nanoparticles had smoother surfaces and less sharp edges that are associated with low-
coordination sites and easier oxidation. The electrode deposited at 250°C achieved a mass activity of 0.532
A mgp! and a peak power density of 0.93 W cm-2, significantly higher than the 150°C sample. This further

shows that FSP is a flexible technique for direct deposition of smooth surface layers.

Chakraborty et al. [95] reported that a FSP-produced and directly deposited PtRu (1:1 atomic ratio) thin
layer on the GDL for methanol oxidation reaction at the anode of a DMFC outperformed a commercial
PtRu/C with equal catalyst loading at up to about 1.6 times higher current density. This benefit could also
be demonstrated at low current densities, i.e. just above the onset potential, where mass-transfer resistance
due to the catalyst layer thickness is less significant. Similar performance was also measured for the MEA
when the DMFC was producing power [95]. It is worth to note that the high performance of the flame-made
PtRu arrives from its high ECSA and thus from the improved electrochemical efficiency of the catalyst, even
though the specific metal surface area was about 10 times smaller than that of the commercial PtRu/C.
Unlike a Pt-Ru powder made by Lee et al., [58], the Pt-Ru film prepared in this study had a low level of bulk
alloying and results indicated the presence of amorphous Pt and Ru phases. This may be attributed to the
abundance of air in the open FSP set-up and/or selection of comparatively low boiling point isooctane and
tetrahydrofuran solvents by Chakraborty et al. [95] compared to xylene in Lee et al. [58]. The boiling point
of the used isooctane deviates significantly from the melting point of the acetylacetonate precursors which
may lead to inhomogeneous product powders [37]. Hence, it can be expected that further control over

dispersion and morphology could yield higher performance.

3.2. Flame synthesis for SOC applications

Fabrication of various components for SOC using a single manufacturing technique is a challenging task as
the microstructural and electrochemical requirements differ one from another. For instance, from a
microstructural viewpoint, the electrolyte and interconnects must be highly dense to prohibit gas crossover
and mixing whereas the anode and cathode should contain structurally organized pores to transport gas to
the reaction sites. From an electrochemical viewpoint, electrolytes should be ionically conductive and

electronically insulating, interconnects must be electronically conductive, and electrodes must be ionically
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and electronically conductive. Nevertheless, all the components should possess comparable high thermal

and chemical stability for better compatibility. The advantages of the FSP technique are that material

synthesis and layer deposition can be combined in one single processing step and that both required layer

structures, porous electrodes and dense electrolytes, can be produced with one device. For example, FSP

produced highly porous LSM, SSC, Lao.sSro4Co0s3.5 (LSC) and Lao.sSro.4Coo.2Fe0.803-5 (LSCF) electrode

films [[57], [80], [83]] while no porosity was observed in GDC and YSZ electrolyte films [[13], [84]] due to

annealing, even though a strong increase in crystallographic density took place [83]. This shows that, the

pore formation can be controlled by the selection of specific precursors and operation conditions. Table 2

shows the list of materials synthesized by flame synthesis for SOC applications.

Table 2: Flame-made nanomaterials and films for SOC applications.

after 1200 °C, dense after

1600 °C.

3 S cm? (calcined) at

450 °C

Form Material Set- Metal precursor Solvent Particle size or Morphology, purity Remarks References
up film thickness
PEMFC

Powder YSz CCVD Acetylacetonate, ~5nm Crystalline, Low Immediate dispersion [51]

Electrolyte ethylhexanoate agglomeration in liquid reduce
aggregation.

Powder YSz AFD Alkoxide, Nitrate Ethanol, 0.2-0.6 pm Un-sintered, non-uniform Ethanol may cause [52]

Electrolyte nitric acid oxygen-deficient flame
and micro-particle

Powder ScSzZ, FSS Nitrates DMF 8-20 nm Crystalline, phase pure 102 S cm™ at 600 °C [81]
ScCeSzZ
Electrolytes

Powder GDC AFS Nitrates Methanol 5-25 nm & 100- Bimodal size distribution, 102 S cm™ at 700 °C [15]
Electrolyte 200 nm amorphous, phase

segregation

Powder GDC FSP Nitrate, acetate Ethanol 25nm Crystalline, loosely 102 S cm™ at 600 °C [104]
Electrolyte agglomerated

Powder Co-doped FSP Carboxylates Toluene 40 nm Uniform, Spherical, - [90]
GDC crystalline
Electrolyte

Powder BZY FSS Carbonate, Acetic acid, 100 nm Hollow, Ba nitrate phase 7.710° Scm™ (as [86]
Electrolyte nitrate DMF, water segregation, phase pure synthesised) and 4 10
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Powder Ni-doped FSS Carbonate, Acetic acid, 10-200 nm Large hollow particles, 3.810°Scm? [88]
BzY nitrate DMF, water small phase segregated (sintered) at 450 °C,
Electrolyte particles, amorphous Proton conductivity
reduces with Ni
inclusion but sintering
temp. reduces up to
200 °C
Powder LSM AFD Nitrates Methanol 10-20 nm & few Phase pure, crystalline, Rp 1.7 Q cm? at 600 [[79], [80]]
Cathode 200-300 nm aggregated, irregular shape °C
Powder LSCF FSS Nitrates DMF 5-10 nm Homogenous, minor 520 S cm™ at around [82]
Cathode secondary phase 400 °C
Powder LSC FSS Nitrates 30% acetic 25-80 nm Crystalline, less 2680 S cm™ at 600 °C [[17], [891]
Cathode acid in (La,Sr)2Co04 secondary
water phase
Powder BSCF FSS Nitrates DMF 10-20 nm Aggregated, irregular 56 S cm™ at 500 °C [82]
Cathode shape, secondary
carbonate phase.
Powder 80NiO- AFD Nitrates Methanol 10-500 nm Bimodal size distribution, Nitrates precipitation [77]
20YSz nano-crystals of NiO, large on droplet surface. 0.1
S cm™ at 600 °C.
Anode hallow particles with high
YSZ fraction
Powder Nb-doped FSS Nitrates, DMF 35-45 nm TiO2, Nb205 impurities, 226 S cm™ at 900 °C [87]
(La,Sr)TiOs chloride,
Sinterability improved with
acetylacetonate
Nb doping.
Film YSz RSDT Acetylacetonate, Ethanol, 5 pm grain size Dense film achieved Ethanol-based [[13], [81]]
Electrolyte ethylhexanoate Propane gradually on porous oxygen-deficient flame
cause temperature
substrate )
gradient
Film BzZY RSDT Acetylacetonate, Toluene, 2-5 pm film Dense, non-uniform - [117]
ethylhexanoate ethanol deposition, amorphous
Film GDC AFD Nitrates Methanol 5-20 nm Porous, uniform. Dense 102 S cm™ at 800 °C [[76], [78]]
Electrolyte after sintering at 1200 °C
Film GDC FSD Nitrates DMF or - Biphasic, amorphous, 0.46 S cm™ at 550 °C [[84], [85]]
Electrolyte diethylene incomplete precursor Large, dense, crack-
free film after
glycol butyl evaporation annealing
ether
Film GDC DBL RSDT Alkoxides Toluene 400 nm film Dense, crystalline, phase ASR 0.34 Q cm? at [[13], [53]]

pure

700 °C
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Film LSC FSD Chlorides, DMF 38 nm film Incomplete precursor ASR of 0.96 Q cm? at [83]
Cathode Nitrates evaporation, non-uniform, 600°C
amorphous.
Film LSCF LT- Nitrates Alcohol- 50-200 nm Rough, porous Cathode Rp 0.15 Q [94]
HVOF water particles, 15-25 cm? at 600 °C
pm film
Film SSC RSDT Acetylacetonate, Ethanol, 2-3 pum film, 100- Porous columnar 656 mW/cm? at 600 [13]
Cathode ethylhexanoate water, 300 nm grains microstructure, °C
propane interconnected,
inhomogeneous
Film SSC-SDC CCVD Nitrates - ~50 nm grains Highly porous, well adhered 375 mW/cm? at 600 [57]
Cathode to electrolyte, crystalline °C and
0.17 Q cm?
Film 70NiO- AFD Nitrates Methanol - Porous, inhomogeneous 0.1 Scmtat 700 °C [[75], [771]
30YSz
Anode
Film NiO-SDC CCVD Nitrates Organic ~50 nm grains Porous, crystalline, 375 mW/cm? at 600 [[57], [59]]
Anode homogenous grains size °C
Film Ni-BZY RSDT Acetylacetonate, Toluene, 5-10 pum film 30% Porosity, non-uniform, ASR of 1 Q cm? at [117]
Anode ethylhexanoate ethanol crystalline 500 °C

3.2.1. Electrolytes prepared by flame synthesis

Stabilized zirconia and doped ceria are the two major electrolyte materials with a melting point of about
2700 °C and 2400 °C, respectively. They have to be sintered at high temperatures of 1400-1600 °C to obtain
highly crystalline and dense (>95% of the theoretical density) layers. This may lead to undesirable interfacial
reactions during co-sintering of electrolyte and electrodes and can also result in partial reduction of oxidic
electrolytes (e.g., Ce** to Ce®*), which contributes to an unwanted increase in the electronic conductivity of
the electrolyte [59]. A potential solution to significantly reduce the sintering temperature of SOC components
is to use nanostructured materials. In FSP, the short residence time in the flame with a high reaction
temperature of 2000-3000 K generates crystalline nano-particles while steep cooling gradients allow particle
deposition as a film on the substrate without co-sintering [59]. Another interesting aspect about particle
synthesis by FSP is the possibility to work with two different particle formation mechanisms: gas-to-particle
formation yielding nanosized products and droplet-to-particle formation leading to particles of some hundred
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nanometres [33]. Im et al. [[15], [78]] synthesized different GDC powder batches with average particle sizes
between 10 nm and 800 nm and a narrow size range by only fine-tuning the precursor concentration and
the dispersion gas (Oz and H2) flow rate in an aerosol flame deposition setup. Films deposited on a Si wafer
using particles with an average crystallite size of 14 nm showed dense microstructure with no open pores
after sintering at 1200 °C for 10 h. Moreover, the ionic conductivity of the flame-made powders had reached

102 S cm! at 700 °C due to increase in the oxygen vacancies upon sintering at 1300 °C and above [15].

High production rate and utilization of cost-effective rare earth nitrates with high water content are promising
routes for the commercialization of SOC technology. However, using such water-based precursor may
cause bimodal particle size distribution and inhomogeneous elemental distribution. In FSP, this issue can
be avoided by proper selection of metal precursors and solvents. For instance, Heel et al. [81] produced
phase pure YSZ, Sco.2ZrosO2 (ScSZ), and Sco2Ceo.01Zr0.7902 (ScCeSZ) nanocrystalline powders with SSA
up to a 53 m2 g1 at production rates of about up to 260 g h'! using an open flame. The authors have used
water containing yttrium nitrate and zirconium alkoxide in combination with DMF as solvent and obtained
dense nanopatrticles with high thermal stability of up to 1000 °C. In a very similar study, You et al. [52] have
used ethanol as solvent and obtained bimodal size distributions and hollow particles. The crystal water of
the yttrium nitrate precursor may have reacted with the water-sensitive zirconium alkoxide in presence of
ethanol leading to droplet shell formation [37]. Perhaps the use of DMF could have prevented the formation

of large and hollow particles.

High temperature proton conducting ceramics based on Y- doped BaZrOs (BZY) are especially promising
electrolytes for operation between 400°C and 600°C due to their high bulk conductivity and chemical
stability. However, obtaining pure and crystalline BaZrosY0.2035 is still challenging on conventionally-
synthesized and heat treated BZY as Ba is highly volatile at high temperature [88]. Whereas, phase-pure
BZY powder could be obtained by flame-synthesis and calcination at 1200 °C [86]. The author attribute this
to the formation of Ba carbonate intermediate during heat treatment that aided in formation of pure
Bazr0.8Y0.203-0 at low temperature. Upon sintering at 1600°C, the FSP-derived BZY showed enhanced
grain growth and lower density of grain boundaries which resulted in low grain boundary resistance in the

intermediate temperature range. The total conductivity measured at 450 °C was 7.7 mS cm™.
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The high operating temperature of SOCs is the main concern that gives rise to its maintenance and safety
issues as well as the subsequent decrease in power output. In an effort to reduce the operating
temperatures, Karageorgakis et al. [[84], [85]] deposited dense and crack-free Ceo.sGdo.2O2-5 films on
sapphire at as low as 200 °C and with a deposition rate as high as about 30 nm min! by flame spray
pyrolyzing the nitrate-based precursors dissolved in DMF. The authors observed that two parameters are
critical for their approach to obtain a crack-free and smooth surface: (i) the deposition temperature should
be about 40-50 °C above the boiling point of the corresponding solvent and (ii) the carrier gas flow rates
should be high enough to ensure limited residence time of the droplets in the hot zone. Deposition below
the recommended temperature resulted in a cracked surface after annealing, whereas deposition above
this temperature or using low carrier gas flow rates resulted in the formation of particles on the surface rather
than films due to rapid evaporation of the solvent. Optimization of these deposition conditions yielded a
homogeneous as-deposited film as observed with SEM (Fig. 7a). Further annealing at as low as 650 to 900
°C for 4 h (Fig. 7b) resulted in a dense and nanocrystalline microstructure with a fine grain size of 20-25 nm
and a low surface roughness. The film annealed at 900 °C still contained a small fraction of amorphous
phases that acted like a nanocomposite. This material demonstrated a maximum of hardness (11.5 + 1.4
GPa) and an elastic modulus (310 £ 43 GPa) due to elastic strain, which is crucial for the microfabrication
steps of the micro-SOFCs with free standing membranes [85]. Likewise, higher mechanical properties were
also observed on flame-made YSZ films [118]. Unlike in typical flame aerosol procedures, the FSP, in these
studies was operated in such a way that precursor-solvent droplets were not fully combusted when
impinging on the substrate (liquid-to-solid conversion). This raises a question on chemical homogeneity.
Nevertheless, the crystallographic density of 7.37 g cm= and the conductivity of 0.46 S m™ at 550 °C
obtained by the FSP-made and annealed (600 °C for 10 h) thin film (200 nm) were significantly higher than
the one obtained by other high-temperature pyrolysis techniques [84]. This suggests a good electrochemical

performance, but this was not reported, unfortunately.
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Fig. 7: (a-b) Cross sectional SEM images: for flame deposited GDC thin-films at 200 °C: (a) as-deposited
and (b) annealed at 900 °C for 4 h [84]; (c-d) GDC as gas diffusion layer coated on YSZ electrolyte
prepared by (c) FSP and (d) screen printing methods [53]; (e) the FSP-prepared NiO-SDC anode and
SSC-SDC cathode; (f) LSM layers after sintering [80]. Adopted from Ref. [[53], [57], [80], [84]] with

permission from Elsevier.

In order to make the fabrication of FSP-based films more suitable for industrial applications, it is important
to eliminate post-deposition steps such as annealing. Maric et al. [13] investigated the possibility to grow
uniform and dense (>99% density) YSZ (8 mol-% Y203) electrolyte directly on a 35% porous Ni-YSZ anode
by increasing the substrate and flame temperatures at the deposition area to 950-1050 °C. Growing a dense
film over a porous structure is challenging, however. The film deposited at 950 °C had a continuous layer
of fine crystals, whereas the 1050 °C film showed large polycrystalline structures giving rise to porosity.
They attribute this preferential growth to a higher thermal gradient in the growth direction, induced by the
higher deposition temperature. Apparently, some parts of the porous substrate acted as individual growth

centres and favoured preferential growth [13]. Maric et al. [13] proposed that this issue could be overcome
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by using a two-layer deposition process - the first one with very low precursor concentration to form a dense
base layer of about 100 nm on the porous electrode followed by a second dense electrolyte layer with higher
precursor concentration to favour more homogeneous nucleation of growth centres on the substrate. These
two layers can be realized continuously in a single run by using precursor solutions with different

concentrations metered to a spray nozzle.

Similarly, Myles et al. [117] attempted to manufacture a metal-supported proton conducting SOFC by
continuous deposition of porous electrodes and dense electrolyte structures without additional sintering
steps through optimizing the heated substrate temperature and the distance between the flame tip to the
substrate. In this preliminary study, flame-based layer by layer fabrication of porous Ni-BZY and LSCF
electrode layers and dense BZY electrolyte layer was shown [74], however performance was not reported.
Though the uniformity of the layer thickness and pore distribution in the electrodes were unsatisfactory, it
can be expected that further optimization of precursor concentration and flow rates could enable progress

towards the fabrication of a full proton conducting SOFC by flame-based deposition.

A ceria-based ultrathin diffusion barrier layer is often used at the interface between YSZ electrolyte and Sr-
containing cathode to prevent solid state reaction during cell manufacturing and fuel cell operation.
However, achieving a homogeneous, thin, fully crystalline, dense and continuous layer at a lower sintering
temperature via conventional batch techniques (e.g., screen printing combined with sintering) is very
challenging (Fig. 7d). Maric et al. [53], deposited such a GDC layer of 450 nm height on a 5 um thick YSZ
substrate at 1000 °C by the FSP technique. The GDC film shown in Fig. 7c appeared dense and
homogeneous with no observable difference across the grain boundaries of the underlying YSZ, which
reflects the quality of its morphology. The ohmic resistance of an anode-supported cell (5 cm x 5 cm) with
FSP-made GDC layer (NiO/YSZ/GDC/LSC) was reduced by about 15% as compared to the cell with screen

printed GDC, which should result in a significant increase in the cell performance.

3.2.2. Electrodes prepared by flame synthesis

Over the last two decades, the thickness of the electrolyte layer has been reduced substantially to improve
the SOC performance. As a consequence, the ohmic resistance of the electrolyte has decreased and the

overall cell losses are dominated by the polarization and transport losses of the electrochemical reactions
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at the electrodes. Thus, it is important to reduce these losses of the electrodes, especially in case of anode-
supported cells while referring to fuel cell operating mode. This can be achieved using films composed of
nanoparticles, which provide high activity due to increased triple-phase boundary (TPB) density. Compared
to conventional thin-film technology, FSP offers a reliable way to prepare such nano-porous films with a

high deposition rate that ease the fabrication of films up to micrometre-scale thickness.

Preparation of fuel electrodes:

In anode-supported cells, Ni-YSZ and Ni-GDC are the widely used anode materials that show both
electronic and O? ionic conductivity. Yoon et al. [[75], [77]] synthesized NiO-YSZ (60 mol% NiO — 40 mol%
YSZ) powder and thin-films by the FSP method in air. The samples were composed mainly of YSZ and NiO
catalytic particles of 10-20 nm in size. Further sintering at 600-900 °C for 2 h in 5% H2 - 95% Ar reducing
atmosphere (similar to anode operating conditions in SOC) converted NiO-YSZ into crystalline Ni-YSZ. This
additional step ensured structural stability and increased electronic conductivity of the material in
subsequent SOC operation in a Hz atmosphere. It is worth emphasizing that the controlled reducing
atmosphere can also be formed inside the FSP reactor itself by enclosing the reactor with a quartz tube.
Thereby, the additional heat treatment step may be eliminated and direct deposition of porous anode films
on a heated substrate could be realized. On the other hand, slightly reducing flame conditions can also be
formed without a quartz tube by adjusting the precursor and oxygen flow. Using such a flame, Kazakevicius
et al. [87] significantly reduced the formation of secondary phases (e.g., TiO2 and Nb20s) in as-synthesized
Nb-doped (La,Sr)TiOs powder for the current-collecting layer in SOFC anodes by enabling suitable oxidation
levels for Ti and Nb cations for their incorporation into a perovskite lattice structure. The electronic
conductivity of the as-synthesized powder was not measured, however, the Nb-doped, flame-made and
sintered (under reduced conditions) Lao.4Sro.412Nbo.03Tio.e703-5 had the electronic conductivity of 226 S cm-?

at 900 °C.

Liu et al. [57] directly deposited a thin nanostructured NiO-SDC anode (70 wt.% Ni and 30 wt.%
Smo.1Ceo0.903-5) of 30 nm thickness on a 20 um dense heated GDC electrolyte by FSP. The deposited film
adhered well to the electrolyte layer (Fig. 7e) forming a highly interconnected porous structure with

extremely low interfacial polarization resistances compared to those prepared by conventional techniques.
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A power density of 375 mW cm2 at 600 °C was measured with only little deterioration over 172 h of

operation, indicating chemical and morphological robustness of the flame-made electrodes.

Preparation of oxygen electrodes:

Cathodes made of lanthanum manganite, ferrite or cobaltite materials showed high performance in terms of
electronic conductivity and thermal and chemical compatibility with other SOC components. On the other
hand, the selection of suitable synthesis methods also plays a major role in achieving a high level of porosity
and a large ECSA for the ORR. Thereby, well-developed microstructures with increased TPB area and good

adhesion between the cathode and the electrolyte can be realized in a reliable cost-effective manner.

Im et al. [80] deposited Lao.sSro.2MnOs:5 (LSM) cathode films onto 1 mm thick YSZ pellets of 94% density at
about 500 nm min-! deposition rate. The precursor was atomized and sprayed into a stable oxygen-hydrogen
flame of about 1700 °C temperature. Based on electron microscopy analysis, the flame-prepared LSM
powder had a bimodal particle size distribution with >98 wt.% primary nanoparticles of 10-20 nm and <2
wt.% of large particles of 200-300 nm, as is frequently observed when inorganic precursors are dissolved
in alcohols [119]. Nevertheless, the overall SSA (77 m? g1) was higher than the LSM made by spray
pyrolysis, combustion, wet chemical, or solid-state synthesis methods. Further, the LSM particles were
noticeably smaller with less sintering when the growth was suppressed after particle formation by

guenching. Fig. 7f shows an SEM image of a direct deposited LSM film after sintering at 1200 °C for 2 h

[80]. The porous structure is deposited uniformly and seems to adhere well to the YSZ electrolyte.

Liu et al. [57] deposited a SSC-SDC (70:30 wt.%) composite material on a GDC electrolyte and investigated
the significance of deposition temperature on morphology and performance. It was observed that deposition
temperatures <1000 °C led to high interfacial resistance while temperatures 21400 °C resulted in an
undesirably dense morphology with low interfacial polarization resistance (<0.26 Q cm?). It appears that the
temperatures between 1000 and 1400 °C provided favourable porous structures with low resistance. In
another study, the performance of SOCs (NiO-YSZ/NiO-SDC/SDC) in fuel cell operation using SSC
cathodes made by FSP against screen-printed SSC reference cells showed a 35% increase in peak power
density and a 25% decrease in total polarization resistance at 600 °C [13]. The authors attribute this

improved performance to the microstructure obtained by flame-based deposition that contains more open
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pores, compared to the closed pore nature of the screen-printed and sintered cathodes which increases the
surface exchange area of the cathodic material with the oxygen. These studies once again emphasize the

simplicity of morphology control of the FSP-made components.

In addition to lowering the operation temperature of the cell, the development of economically viable and
durable cell architectures such as metal-supported SOFCs is also crucial to enable their commercialization.
However, metal supports may not be able to withstand high temperature heat treatments that are required
to form desired electrode/electrolyte phases resulting in deformation and partial oxidation [120], especially
the cathode. Zhang et al. [94] demonstrated FSP-deposition of LSCF (without any further heat treatment)
on a ScSZ electrolyte- and Ni-ScSZ anode subsequently deposited on a porous steel support. The bonding
onto the substrate was obtained by increasing the spray distance, and thus the residence time in the flame,
in such a way that agglomerates melted partially and the deposited film remained porous upon growth. A
symmetric cell (LSCF electrode |ScSZ electrolyte |LSCF electrode) fabricated using the optimized
parameters showed cathodic Rp of 0.15 Q cm? at 600 °C and the single cell (steel support |Ni-ScSZ anode
|ScSZ electrolyte |LSCF cathode) showed Rp of 0.24 Q cm? and peak power density of 0.65 W cm-2 at 600

°C that are promising values.

Though the morphology of powders and films can be well controlled in the flame atmosphere, one of the
main disadvantages of using flame techniques is that the presence of carbon in the ligands and solvents
may promote formation of metal carbonates during the cooling phase of the flame. Heel et al. [82] estimated
a CO:2 partial pressure Pco2ame Of about 104-10° Pa during the combustion for their flame. The authors
found a significant amount of secondary carbonate phases in FSP-made BSCF (Bao.sSro.5C00.8F€0.203-5),
which is highly sensitive to CO2 uptake. Consequently, the performance in terms of bulk conductivity was
also reduced to 56 S cm! at 500 °C with an activation energy of 44.48 kJ molt. Whereas, CO: insensitive
LSCF (Lao.sSrosCoo.sFen.203-5) had no secondary phases and showed high conductivity of 520 S cm-! at
400 °C with an activation energy of 14.52 kJ mol! [82]. Carbonate formation may get severe when high
surface area nanoparticles deposited on collection filters or on substrates are exposed to the CO: of the
flame off-gas for prolonged times at temperatures that thermodynamically favour carbonates. The formation

of carbonates may be reduced by passing the particles through these temperature zones quickly in addition
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to minimizing the carbon content of the precursor solution and supporting flames, or by secondary heat

treatments after synthesis.

(La,Sr)2Co04 is the undesired secondary phase that reduces the ionic and the electronic conductivity of
Lao.sSro.4C003-5 (LSC) cathodes. Heel et al. [[17], [89]] produced LSC powder and substantially decreased
the fraction of (La,Sr)2Co04 to about 10 wt.% by quenching the flame and optimizing the combustible
solvent (acetic acid) to water ratio in the flame. A further reduction in secondary phase and homogeneous
distribution of elements in the oxide structure may have been achieved with the selection of suitable
combustible substances with high energy density instead of using a water-based precursor in this study.
Nevertheless, the performance of the FSP-made LSC powder after heat-treatment at 700-800 °C was
confirmed in comparison to screen-printed LSC films annealed at 700 °C for 4 h that showed semiconductor-

like electronic bulk conductivity of about 2680 S cm- at 600 °C and 3600 S cm-! at 400 °C in air.

It is a standard procedure in SOC that a certain amount of electrolyte powder is mixed with cathode powder
in order to avoid the strong mismatch in the thermal expansion coefficient of LSC or LSM and that of
electrolytes at the interface region. However, lower solid-state reactivity while mixing these two components
and subsequent annealing at elevated temperature of up to 1000 °C is vital to evade formation of insulating
secondary phases like La2Zr.07 and SrZrOs and to increase the TPB area [83]. Using FSP, Heel et al. [17]
obtained nanoscale LSC powder with 29 m? g1 SSA had outperformed and significantly lowered the
formation of La2Zr.O7 by about six times and SrZrOs by about twice compared to conventional spray-
pyrolyzed sub-microscale LSC with 9 m2 g1 SSA while interacting with YSZ and Sco.20Ce0.01Zr0.7902- 5 during
annealing. This is surprising, as the nanoparticles were formed in an acetylene flame of about 3000K and
exposed to a cooling rate in the order of 500 000 K s! that can cause non-stoichiometry with respect to
oxygen and additional defect-related distortions [82]. The flame-made particles should thus contain a large
number of reactive defect sites that would increase the percentage of such secondary phases. More
research is needed to better understand the effect of flame synthesis parameters on the characteristics and

performance of electrolyte-electrode interface layers.

4. Challenges and opportunities
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The review shows that mainly simple oxide structures and perovskites with up to four cations have been
produced successfully by FSP as powders or films until now, such as stabilized zirconia and ceria, Ni-YSZ,
-SDC and -GDC, SSC-SDC, BSCF, LSM, LSC, LSCF, along with noble metal catalysts on carbon and oxide
supports. For their synthesis, the standard FSP configuration operating in open air was employed in most
cases. However, a number of new FSP techniques have been developed in recent years, as outlined in
Section 2, which remain to be explored for the improvement of existing and the development of new

advanced nanomaterials for fuel cells.

First, the possibility to influence the oxidizing/reducing conditions of the flame and to extend the particle
growth time at high temperature by merely placing a simple tube enclosure around the FSP while controlling
flow and composition of shroud gas (see Fig. 2) has gained too little attention, especially for fabrication of
fuel cell materials. There are ample opportunities for the synthesis of certain metal nanopatrticles, metal-
carbon composites, or suboxides like TiOx, as indicated before. One may even explore the synthesis of
oxynitrides that could find application in preparing catalysts for ultra-low Pt loaded PEMFC [121], by
introducing appropriate nitrogen precursors. Tight control of the flame atmosphere toward pyrolysis in either
Ar or NHs could also enable the synthesis of highly active M-N-C catalysts and the shift from two to four
electron mechanism for ORR. In addition to this, alternative nitrogen-carrying precursors other than
cyanamide and PANI with dicyandiamide should be explored. New pathways could even be explored by
utilizing metal-organic frameworks including zeolitic imidazolates as precursors. Furthermore, controlled
metal/nitrogen incorporation and pyrolysis via a fully enclosed FSP could yield powders with atomically
dispersed elements; i.e. an increased density of MN4 sites. Besides, enormous exertion on controlling the
activity-stability trade-off along with particle size, porosity, graphitization and nitrogen-doping is still needed

to achieve the targets for PGM-free catalysts by FSP.

Second, dual-nozzle FSP (see Fig. 2) should be explored further, e.g. for the synthesis of metal-metal oxides
supported on carbon structures (e.g., Pt/CeQ2/C, Pt/ZrO2/C or Pt/FeOx-CeQ2/C) that aid suppressing Pt
oxide formation and promote ORR activity or can mitigate the formation of peroxides. A recent effort on the
synthesis of a Pt/FeOx-CeO2 catalyst for preferential oxidation of CO (99.5%) below 90 °C demonstrates

the opportunity for producing such multi-component nanomaterials in a single step process [122].
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Third, the injection of a secondary precursor vapour downstream the FSP allows to in-situ deposit materials
onto the surface of freshly-made nanoparticles (Fig. 2), yielding clusters, patchy coatings or full
encapsulations. The technique was first demonstrated successfully for a TiO2@SiO:z photocatalyst at a
production rate of about 30 g h-* [47] and more recently with SnO2-nanorods@TiO:2 for solar cell applications
[106]. However, despite its capacity to generate more complex nanomaterials, it has not yet been explored
for the fabrication of fuel cells. Potential candidates may be Ni@Pt, Pd@Pt or Cu@Pt that exhibit excellent
ORR activity as compared to Pt/C for PEMFCs [123] or core-shell structures like LSC@CeO2. Secondary
precursor introduction could even be further expanded to the generation of soot flames based on carbon
precursors (e.g., acetylene or evaporated aromatics) downstream the FSP to form carbon-supported core-
shell structures such as Ni@Pt/C. The main challenges of secondary precursor introduction are the selection
of an appropriate injection height with respect to temperature and, for formation of carbon black, control of
oxygen concentration as well as of mixing between primary aerosol and secondary vapour. These factors
govern the conversion of the secondary precursor, the point of nucleation in the gas phase or on the surface

of core particles and the homogeneity of the product particles.

Forth, introduction of a slurry spray nozzle rather than a precursor vapour downstream the FSP allows for
instance in-situ mixing of ionomer with catalyst and support particles [[60], [65]]. Followed by dry deposition
on membrane or GDL, this provides great opportunity to modify CL architectures (e.g., SSA, pore size
distribution, pore-volume, catalyst-ionomer-carbon ratios and film thickness). This unique combination of in-
situ catalyst synthesis and flexibility in optimizing the film architecture may enable the fabrication of tailored
films with ionomer phase segregated regions (hydrophobic and water-containing domains i.e. two-phase
morphology) and composition. Thereby, increased surface exchange and TPB area and Pt utilization by
targeting local inhomogeneities in fuel cell electrodes (e.g., water accumulation and oxygen depletion) may
be achieved. Nevertheless, substantial process optimization is needed to achieve thin and uniform CL down

to a few micrometres.

Fifth, the possibility to reach flame temperatures of up to 3000 K and ultra-fast quenching allows fabrication
of complex materials and films that require high temperature processing for high phase purity, crystallinity

and lattice parameters. For instance, flame synthesis of materials such as SrNbo.1Feo.903-5, and perovskite
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proton conductors (e.g., BaCe1xyZrxYyOs.5) that are very interesting for low temperature (400-500 °C) SOCs

should be investigated.

Finally, the optimization of precursor chemistry is of paramount importance for achieving high quality
nanomaterials for fuel cells as well as other applications. The drive towards low production costs inevitably
leads to inorganic metal salts as raw materials, mostly nitrates. Their enticing price tag however comes with
the downside of inhomogeneous product powders in terms of particle size and composition. Particle
formation from nitrate-based precursor solutions in spray flames typically proceeds along two pathways:
droplet-to-particle conversion yielding large sub-micrometre particles and gas-to-particle conversion yielding
nanoparticles [33]. Product powders have a bimodal size distribution, which can lead to layer inhomogeneity
with respect to porosity, thickness, integrity or mechanical stability. If multicomponent oxides are formed,
differences in oxide vaporization rates can deplete the large particles of the more volatile species that would
preferentially form nanoparticles by gas-to-particle conversion. Thus, layer inhomogeneities with respect to
composition can develop as well. In order to prevent such inhomogeneities, the solvent mixture for the
inorganic metal salts should be carefully designed, as outlined by Strobel and Pratsinis [124]. Particularly
the presence of 2-ethylhexanoic acid was shown to prevent large particles by droplet-to-particle formation

due to droplet disintegration by a series of micro-explosions in the flame [[36], [37]].

Nitrates, like many other metal salts, further have the disadvantage that they typically are hydrated, the level
of which depends on the relative humidity of the surrounding atmosphere. As a consequence, their metal
content varies and must be determined before precursor preparation. Otherwise, the correct stoichiometry
of a multicomponent nanomaterial will not be achieved, leading to the formation of undesired secondary
phases. Unfortunately, many publications do not report whether such a chemical analysis was carried out
prior to FSP. Its omission, as well as the improper design of the solvent mixture, may explain why certain

FSP-made fuel cell materials did not perform as expected or could have performed much better.

In summary, FSP is a facile and flexible platform that allows to combine multiple in-situ functionalities such
as injection of secondary precursors, binders, additives, dopants, vapour coatings, quenching or direct
deposition at various stages of nanomaterial and thin-film fabrication for PEMFC/SOC components.
Thereby, it enables fabrication of complex supported catalysts, porous electrodes, dense electrolytes, and

ultrathin DBL in single steps. The high synthesis temperature of the flame can potentially eliminate post-
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heat treatments that are the major cause for surface crack formation, delamination and unavoidable batch
processing. Though nanopowder manufacture by FSP is scalable, a key challenge remains the production
of large-size components that could induce high residual thermal stress due to thermal expansion coefficient
mismatch between neighbouring layers. This aspect is more critical in case of ceramic electrolyte-supported
cell architectures that are vulnerable to thermal shock as compared to metal-supported ones. Nevertheless,
overcoming these challenges, the successful deployment of FSP for producing all the nanomaterials and
films for SOC/PEMFC applications would generate significant cost savings on energy and materials and

promote the fuel cell market.

5. Concluding remarks

The suitability of FSP - where the flame is the reactor - as a potential platform for continuous synthesis of
electrocatalysts and subsequent fabrication of active layers for PEMFC and SOC applications was assessed
by analysis of literature. The ability of FSP to produce multicomponent nanomaterials at lab-scale up to
industrial-scale cannot be matched by conventional methods. However, the literature lacks comparative
studies regarding the fuel cell performance of materials made by FSP and by conventional methods,
especially for SOCs. This comparison is required to demonstrate the full potential of FSP and to provide a
proof-of-concept for the prepared catalysts and the catalyst layers. Although researchers have
demonstrated the benefits of FSP in solving crucial fuel cell related issues through modifications in the
experimental design, the recent advancements in FSP technology have hardly been exploited, yet.
Establishing close interaction between the researchers advancing material applications, the flame aerosol
scientists and fuel cell component manufacturers is crucial to bridge the gap between material research and

fuel cell development.
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