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Abstract

Commercial implementation of new catalysts is often limited by scale-up. Flame aerosol
processing, a proven scalable method for industrial manufacturing of nanoparticles, has
received broad attention for use in catalyst synthesis over the past two decades. This
review aims to provide a straightforward understanding of the flame aerosol synthesis of
catalysts and summarize recent and emerging applications of the resulting catalysts. We
begin with a brief description of the catalyst formation mechanism and show how catalyst
structures can be controlled by varying process parameters and reactor configuration. We
then summarize the most recent progress on thermal catalysts, photocatalysts, and
electrocatalysts synthesized by flame aerosol processing and analyze current trends in
catalyst development by this approach. Finally, we discuss the advantages and limitations
of flame-made catalysts and suggest likely promising future directions for research in this

field.
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1. Introduction

Bridging the gap between laboratory synthesis and industrial production, i.e., achieving
scalability, is a persistent challenge in catalyst design and development [1]. Many
common laboratory synthesis methods encounter serious barriers to scale-up associated
with high manufacturing cost and physicochemical property changes. In contrast, flame
aerosol synthesis, the most common technology for industrial production of low-cost
nanomaterials [2], provides inherent scalability and flexibility in catalyst design. The first
uses of flame-made nanoparticles date back to prehistoric human civilization. Ancient
people created carbon black by combustion of plants and used it to draw primitive murals
that can still be seen in Chinese, Egyptian, and Indian caves. People in ancient China
were the first to produce carbon black in large quantities [3]. In modern times, the
development of flame aerosol processing was mostly driven by the industrial production
of carbon black, fumed silica (SiO2), and titania (TiO2). Carbon black was initially
produced by pyrolysis of natural gas in the “channel black” process, but with low efficiency.
In 1941, engineers invented flame spray pyrolysis, the “furnace process”, to scalably
produce carbon black with controllable particle size, structure, and porosity [4]. Nowadays,
this is the dominant process practiced by Cabot, Evonik (formerly Degussa), and others,
to make carbon black, the largest nanoparticle commodity by value and volume. Flame
aerosol synthesis of fumed SiO2 was invented by scientists at Degussa who hoped to find
another rubber filler to replace carbon black during world war Il, but it is mostly used as a
flow aid and viscosity modifier [4]. Building on the understanding of fumed SiOz2 production,
another famous flame aerosol process, the “chloride process” for the production of

pigmentary TiO2, was created and is still used today by many companies [2]. In fact,



enterprises like Cristal, Cabot, and Evonik produce millions of tons of nanomaterials via
flame aerosol processing, including carbon black, fumed silica, TiO2, Al2Os, and other
ceramic powders [5], and production rates can be scaled to several tons per hour per
reactor [6]. Even in the laboratory, flame aerosol processing has enabled large scale
fabrication of SiO2 (up to 1000 g h') and ZrOz2 (up to 600 g h') with consistent properties

[7], of crystalline Bao.sSro.5Coo.sFeo.203-; perovskite (up to 400 g h') for cathode material

[8], and of the binary catalyst V20s/TiO2 (200 g h™') for NO removal [9], indicating its

scalability for more complex nanomaterials.

Aerosol flame processes are often classified according to the precursor state into vapor-
fed aerosol flame synthesis (VAFS) and liquid-fed aerosol flame synthesis (LAFS).
Depending on the precursor solution combustion enthalpy, LAFS can be further classified
into flame spray pyrolysis (FSP, when a combustible organic precursor supplies more
than 50% of the combustion energy) and flame-assisted spray pyrolysis (FASP, when an
external flame provides the energy and the precursor is dissolved in water or other solvent
with low enthalpy of combustion). VAFS is the most common flame aerosol process in
industry. Examples include the earliest “channel black process” to produce carbon black,
flame hydrolysis of metal halide vapors to produce fumed silica, and the “chloride process”
to produce pigmentary TiOz2 [10]. Later on, VAFS was widely used to synthesize ceramics
including Al203, Fe203, and V205 [11]. In catalysis, VAFS has mostly been used for
preparing TiO2-based [12, 13] and Al203-supported [14] catalysts at the beginning of this
century. However, the requirement of using volatile metal precursors increases costs, and
achieving homogeneous distributions of elements in multicomponent catalysts with

limited precursor selections is challenging. Factors like these have limited its further



development. Liquid-fed reactors overcome these limitations. The use of aqueous metal
salt solutions or metal-organic solutions enables the synthesis of materials containing
almost every metal in the periodic table [10]. In the FASP process, the precursor is first
atomized into small droplets and then sprayed into a flame, evaporated, and pyrolyzed at
high temperatures. The first application of FASP was for preparing ZnO particles from a
zinc acetate precursor, reported by Marshall et al. in 1971 [15]. Nitrates are the most used
precursors in the FASP process. Many catalysts have been synthesized by FASP,
particularly various perovskite structures [16-18]. A drawback of FASP for preparing
catalysts is its potential to form inhomogeneous and submicron particles, especially at
low flame temperature or low precursor feed rate. In the FSP process, the metal-organic
precursor solution also serves as a fuel. The resulting short residence time, high flame
temperature, and large temperature gradient usually promote the formation of
homogeneous, nanoscale, and highly crystalline particles. As a result, FSP has become
the primary flame aerosol process for the synthesis of catalysts in recent years. As early
as during world war Il, the original FSP technology, the “furnace process” to produce
carbon black, was developed, and Sokolowski et al. first utilized this method to synthesize
Al203 particles from a benzene solution of aluminum acetylacetonate in 1977 [19].
However, other FSP synthesized nanomaterials were only reported 20 years later. After
that, this technology was widely used to produce various nanomaterials, and several

scalable FSP reactors gradually appeared [20, 21].

The first flame-aerosol-made catalyst was the TiO2 photocatalyst reported by Formenti in
1972 [22]. Later, Degussa adopted this technology to produce the P25 TiO2 photocatalyst,

which became the standard material in photocatalysis [23]. However, this work received



little attention in that era because of uncertainty about the mechanism of particle formation.
New flame-made catalysts only began to be reported 20 years later [24-26]. Since then,
scientists gradually recognized the potential of nanocatalysts synthesized by flame
aerosol processing, leading to rapid growth of understanding of particle formation
mechanisms and some sophisticated catalysts. Compared to traditional wet chemistry
methods, the competitive advantage of flame aerosol processing is the ability to
synthesize both the catalytically active species and support in a single-step, continuous
process, as shown in Figure 1. Wet chemistry methods often require several post-
treatment steps, such as solvent washing and calcination, which may introduce changes
in catalyst composition and structure as well as impurities and increased cost. In addition,
flame aerosol processing gives further flexibility for tailoring catalyst characteristics by
controlling process parameters [27], such as precursor feed state (liquid or vapor) [28, 29]
and rate [30], flame temperature (solvent combustion enthalpy) [31, 32] and configuration
(diffusion or inverse diffusion flame) [33], deposition mode [34], and other parameters,
and even forming metastable phases via rapid quenching [35-37], which cannot be
achieved by wet chemistry methods. Moreover, flame aerosol processing allows active
species to nucleate from individual atoms, contributing to high purity [38], high dispersion
[39], and thermally stable materials [40]. Some limitations also exist in this method. For
example, preparation of porous materials may not be possible, and the use of combustible

organic precursor solutions in some methods can increase production costs.
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Figure 1. Catalyst synthesis procedures of: (a) flame aerosol
processing and (b) a typical conventional wet impregnation

method.

Despite having many advantages for commercial-scale catalyst production, flame aerosol
processing has attracted less attention from academic researchers, relative to liquid-
phase synthesis methods. This may be because laboratory-scale flame reactors are more
difficult to set up and maintain than wet chemistry approaches that may require only basic
glassware and an oven. However, it may also reflect limited exposure of the catalysis

community to flame aerosol methods. This review aims to introduce and summarize the



emerging applications of flame-aerosol-synthesized nanocatalysts focusing on advances
published in the past three years and thereby attract more interest toward this field.
Readers interested in further information can refer the review paper by Koirala et al. [41],
which provides a holistic view of flame aerosol mechanisms, synthesis conditions and
catalyst properties. Reviews of flame-synthesized catalysts published before 2018 are
also available [27, 42, 43]. Only flame aerosol synthesis is reported herein; other aerosol
processes, like drying, precipitation, high-temperature thermal decomposition, and gas

atomization have been well reviewed elsewhere [44].

2. Mechanism and catalyst design

2.1. Particle synthesis mechanism

The development of thermophoretic sampling with microscopy, in situ measurements,
neutron scattering, and other techniques have revealed particle formation mechanisms in
flame aerosol synthesis [45]. Typically, particle formation is believed to proceed by the
following steps in turn: precursor evaporation and decomposition — nucleation from a
supersaturated vapor or reactive fragments — growth by surface reaction and
coalescence — aggregation and agglomeration. Particles formed directly from molecular
species are called primary particles and are usually quasi-spherical. Aggregation
produces non-spherical, often fractal-like structures made up of these primary particles.
FSP and FASP can involve two paths: droplet-to-particle and gas-to-particle conversion,

as shown in Figure 2.
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Figure 2. Schematic of particle nucleation and growth mechanisms in FSP or FASP
processes. Overall figure adapted from ref. [43] using an image (top left) from [46] with

permission from Royal Society of Chemistry and Elsevier, respectively.

In the gas-to-particle path, product molecules nucleate from the gas phase and then grow.
The droplet-to-particle conversion mechanism is more common at low temperature or
high precursor concentration, or when the size of droplets sprayed into the flame is too
large. In this case, primary particles precipitate at the surface of unvaporized precursor
droplets. Then the remaining solvent evaporates to form hollow particles, which may
collapse and densify to form large particle. When a multi-component precursor mixture

goes into a flame aerosol process, the mechanism becomes more complicated, and many



possible particle configurations may be formed, as well described in a previous review
paper [10]. For catalyst design, the most desirable structure is usually one in which active
components are well dispersed on the support surface [46]. In order to obtain such a
structure, the melting point (or sublimation point) of the support should be much higher
than that of the active component. With decreasing temperature in the post-flame region,
the support with high melting point, such as SiOz or Al203, nucleates and condenses first,
and then the active components deposit on its surface. Rapid quenching and short
residence time are necessary to form this structure and prevent sintering of the active
component, thus maintaining high dispersion.

2.2. Control of Catalyst Structure and Properties

Various reaction parameters in flame aerosol processing play a role in catalyst structure,
thereby affecting catalyst performance in the final application. Precursor concentration
and feed rate, dispersion gas (oxygen and inert gas) flow rate, solvent/fuel enthalpy, and
reactor configuration and size are some of the main parameters that affect catalyst
properties. This array of parameters provides infinite flexibility for catalyst design, but also
makes catalyst optimization complex. During flame aerosol processing, one can even add
some extra means for control of the particle structure, e.g., finer particles can be obtained
by N2 quenching to stop particle growth [47], or an accelerating electric field can be
applied to shorten the particle residence time in the flame [11]. Figure 3 shows a holistic
view of the relationship between flame synthesis parameters and catalyst properties.
Particle formation mostly depends on the residence time and flame temperature; while
the residence time depends on gas flow rate, and flame temperature depends on the

solvent/fuel enthalpy and fuel/oxidizer equivalence ratio. The actual relationship is much

10



more complex than this, and understanding it is vital to the fabrication of nanocatalysts

with desirable characteristics and performance.
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Figure 3. Schematic of process-property-performance relationships for catalyst

design and production by flame aerosol processing.

2.2.1 Particle size

Particle size strongly affects catalyst performance; a smaller particle size provides more
surface area and active sites. Usually, particle size depends on the molecular
concentration, temperature, and residence time during particle formation. Therefore,
precursor concentration and feed rate, dispersion gas flow rate, and solvent/fuel enthalpy
have decisive effects on particle size. For example, a precursor with a high feed rate and

concentration provides high molecular supersaturation in the flame aerosol process, thus

11



increasing nucleation and coalescence rate and contributing to particle growth. In contrast,
a high dispersion gas flow rate could decrease molecular concentration and favor shorter
residence time, resulting in smaller particle size. A study of ZrO2 nanoparticle synthesis
[48] considered the effect of precursor concentration, Oz flow rate, and reactor length on
both primary and agglomerate particle size, as shown in Figure 4a. At the same
conditions, the particle size produced from 1 M Zr precursor was always larger than that
produced from 0.5 M precursor solution, and the high oxygen flow rate gave a smaller
primary particle size. For 0.5 M Zr precursor, the final primary particle diameter decreased
from 13.2 to 7.4 nm when the O2 flow rate increased from 3 to 7 L min™', and for 1 M Zr
precursor, that particle diameter decreased from 17 to 9.6 nm. The high dispersion gas
flow rate reduces primary particle size, but has little effect on agglomerate particle size.
The aggregation and sintering of primary particles are mostly influenced by the

temperature and the precursor solution concentration.
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Figure 4. (a) The influence of precursor concentration, Oz flow rate, and
reactor height on FSP-made ZrOz2 particle size. (b) XRD patterns of FSP-
made Ag/TiOz2 catalyst produced under different conditions, with different
phase content in Ag/TiO2. X: precursor feed rate (ml/min); Y: O2 feed
rate (L/min). Adapted from ref. [48] and [54] with permission from

Elsevier.

Along with the process parameters mentioned above, flame configuration must be
considered. In a study focused on preparing a TiO2 photocatalyst, the primary particle
size dropped from 70 to 20 nm with use of an inverse diffusion flame in place of a classic
diffusion flame [33]. This is because the inverse diffusion flame favors a lower flame

temperature, leading to less coalescence and sintering. During thermal catalysis,

13



maintaining constant particle size is a challenge. The active species may diffuse and
sinter at high temperatures, resulting in catalyst deactivation. Flame aerosol made
catalysts form from the gas phase, usually above 2000°C, which may lead to inherent
thermal stability, often allowing the use of less expensive metals that may otherwise be
more prone to sintering than expensive precious metals. For example, FSP-made Ni-
based catalysts may replace Pt-based or Ru-based catalysts in methane dry reforming
catalysis [49].

2.2.2 Specific surface area

Specific surface area (SSA) is another critical factor for catalyst performance. Effective
catalysis requires that reactants have sufficient contact with active sites, so the active
species are generally dispersed on some high SSA support to increase the surface-to-
volume ratio. Flame aerosol processing generally produces non-porous particles, so the
SSA is mostly determined by the primary particle size. Therefore, all of the factors that
influence particle size, as discussed above, also affect SSA. For example, in an FSP
process, when the precursor concentration increased from 0.05 to 1 M, the primary
particle size of SnOz increased from 5 to 11 nm, while the SSA decreased from 165 to 75
m? g [50]. In an exception, flame aerosol processing occasionally enables the production
of nano-silica with considerable SSA, e.g., 500 m? g' FSP-made Co/SiO2 catalyst for
ethane dehydrogenation has been reported recently [51]. One creative method that
combines the aerosol and sol-gel processes, the “aerosol-assisted sol-gel process”, is
capable of fabricating porous and advanced catalysts, as shown in Figure 5. A solution
containing a catalyst precursor and a surfactant is atomized, forming homogeneous

droplets that contain inorganic precursor molecules (shown as blue spots) and surfactant
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molecules (shown as red spots). Then droplets are dried by mild heating (at a temperature
much lower than typical flame aerosol processing temperatures). During the evaporation
process, surfactant molecule self-assembly forms micelles, and inorganic
polycondensation happens near the micelles, producing inorganic oxide particles
surrounding the micelles. Finally, matrix particles are calcined to remove the micelle
template and generate porosity [44]. This process can not only synthesize catalysts with
high SSA and ordered porous structure, e.g., Zhang et al. synthesized Pd/PMO catalyst
(for Barbier reaction with 1674 m? g' SSA, TEM image shown in Figure 5) [52], but also
provides flexibility for designing catalyst properties by controlling both aerosol and sol-gel
parameters. This approach, however, has not yet been coupled with flame aerosol
synthesis. Doing so will be challenging, but also represents an open opportunity in the

field.
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Figure 5. Schematic of the aerosol-assisted sol-gel process
for the synthesis of porous particles, and TEM image of high
SSA Pd/PMO catalyst prepared by this method. Adapted
from ref. [44] and ref. [52] with permission from the Royal

Society of Chemistry and Wiley-Blackwell.

2.2.3 Crystallinity and composition
Determining a complete relationship between the crystalline structure and composition of

catalyst and its performance is extremely difficult. However, for a given substance, we
can sometimes alter the crystal structure and composition by adjusting flame process

parameters and/or doping additional elements, with the effect of promoting its catalytic
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activity or making it more selective for certain reactions. A typical example is the synthesis
of TiO2 of different phases and compositions. For example, the FSP-synthesized
polycrystalline TiO2 P25 photocatalyst contains approximately 88 wt% anatase and 12 wt%
rutile. By decreasing the precursor/dispersion oxygen ratio from 5/5 to 1/5, around 27 wt%
monoclinic TiO2(B) phase and 23 wt% amorphous TiO2 appeared, resulting in higher
photocatalytic efficiency for photocuring epoxy than P25 [53]. Metastable TiO2 phases
can also be formed by rapid quenching. In another study, two metastable phases, TizOs
and TisO7, were found in an FSP-made Ag/TiO2 photocatalyst, which showed higher
catalytic performance for the degradation of methylene blue and Cr* compared to P25
[54]. There, the percentage of different TiO2 phases could be controlled via the precursor
fed rate and Ag content, as shown in Figure 4b. Also, a diversity of elements have been
doped into TiO2 for the control of catalyst properties. In a study of TiO2 sensors, Nb-
doping promoted anatase phase formation and prevented crystalline growth, while Cu-
doping enhanced the transformation of anatase to rutile. Both Cu and Nb doping
increased the CO sensitivity of the sensor [55]. However, in another case, Cu and F
doping showed less influence on the TiO2 phase, but they greatly affected the catalytic
activity. The F-doped TiO2 exhibited much higher photocatalytic performance than P25,
while Cu-doped TiO2 exhibited lower activity for oxidation of acetaldehyde [56]. Moreover,
studies indicated that N-doping could change the TiO2 band structure and decrease its
band gap, leading to enhanced photocatalytic activity at visible light wavelengths [57, 58].
In addition to these, flame aerosol processing has been applied to the synthesis of various

perovskite structures. This area was well described in previous review papers [41, 45].
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Apart from the above-mentioned properties, flame aerosol processing also allows the
optimization of morphology [59], surface defects [60], and other properties. Generally, as
shown in Figure 3, flame aerosol design of catalysts follows a route of process
parameters — catalyst composition and structure — catalytic performance — application.
The numerous flame process parameters provide infinite possibilities for tailoring catalyst
structure towards desirable performance and applications.

2.3. Two advanced flame aerosol reactors

Since Bickmore et al. [61] pioneered the gas-assisted atomizer FSP reactor in 1996,
flame aerosol processing has been extensively developed, and various flame reactors
were invented. For example, Thybo et al. [62] created the one-step deposition flame
reactor in 2004, which further promoted supported heterogeneous catalyst and gas
sensor preparation; Grass and Stark [63] reported the reducing flame reactor in 2006,
making it possible to produce metallic nanoparticles; Teleki et al. [64] developed an in situ
coating technology by installing a torus pipe ring on an FSP reactor to introduce a coating
material. Herein, we present two representative novel flame aerosol reactors, double
nozzle flame spray pyrolysis (DFSP) and the high-temperature reducing jet (HTRJ)
reactor, which can accomplish flexible catalyst structure design.

2.3.1 Double nozzle flame spray pyrolysis reactor

Strobel et al. first reported the DFSP reactor in 2006 for the preparation of Pt/Ba/Al203
catalysts for NOx storage and reduction (NSR) [65]. The DFSP reactor used two separate
nozzles, one producing the active species precursor and the other producing the support
precursor, as shown in Figure 6a. The active components and support had independent

nucleation and growth processes, and then the two types of particles aggregated, forming
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the catalyst structure. Compared to the single nozzle flame reactor, the DFSP reactor
provides access to designed particle structures by control of inter-nozzle distance and
angle, resulting in unprecedented control of crystallinity and catalytic activity. In the
DFSP-made Pt/Ba/Al20s catalyst, crystaline BaCOs appeared, whereas it was
amorphous when prepared using a single nozzle FSP reactor. Also, the crystalline BaCOs3
content increased with increasing inter-nozzle distance [65]. As a result, it exhibited a
much higher NOx storage capacity than single-nozzle-made catalyst. A similar situation
was observed for Pd/Al2O3 catalyst [66], which also showed higher NOx catalytic activity
than catalysts made by a conventional FSP reactor or a wet chemistry method. The most
significant advantage of the DFSP reactor is its ability to produce multicomponent
catalysts. In a traditional flame aerosol reactor, when three or more elements are involved,
the particle formation mechanism and the possible precursor interactions can become
very complex, limiting ability to control the final catalyst structure. The multi-nozzle flame
reactor can mitigate such a situation by forming different particles via independent
processes. Varying the inter-nozzle distance can allow sufficient residence time for each
component to form a desirable structure before mixing, yet still ensure that the
components are intimately mixed within aggregates. This approach can also address
problems of precursor solution immiscibility, providing more flexibility in catalyst
formulation. Therefore, the DFSP reactor became very popular for catalyst design. For
example, Fe/Al203 and Mn/Al203 catalysts for CO oxidation were synthesized employing
both single nozzle and double nozzle reactors. The highest catalytic activity was obtained
by the 10 wt% Fe/Al203 catalyst made via the DFSP reactor. It showed more than 30%

CO conversion, which was double that of Fe/Al203 catalyst synthesized in the single
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nozzle reactor. The better performance of DFSP-made catalyst was attributed to the
prevention of the incorporation of the catalytically active Mn and Fe-species into the
alumina support [67]. A similar conclusion was found for a Co-Mo/Al203 catalyst in which
the DFSP synthesis process prevented detrimental CoAl20s4 phase formation in a
hydrodesulfurization catalyst [68]. Pt/FeOx-CeO:2 catalysts for preferential oxidation of CO
were also prepared by a DFSP reactor, which altered interactions between Pt/FeOx and
CeO2 by increasing inter-nozzle distance. The preferred catalyst structure was obtained
at the farthest nozzle distance. This catalyst gave nearly 100% CO conversion at 90°C,
a temperature lower than that required for the majority of reported catalysts [69]. These
highly active catalysts demonstrate the enormous potential for designing catalyst
structure and enhancing catalyst performance via the DFSP reactor.

2.3.2 High temperature reducing jet reactor

Another interesting aerosol flame reactor, the high temperature reducing jet (HTRJ)
reactor, was developed by Scharmach et al. in 2010 [70], as shown in Figure 6b. To date,
many multi-component metal nanoparticles, such as Ni-Ag [71], Ni-Cu [47], and Pd-Cu
nanoparticles [72], were produced by the HTRJ flame reactor. The HTRJ reactor belongs
to the FASP category, using an aqueous inorganic precursor and hydrogen-oxygen flame
supplying all of the combustion energy. During the flame synthesis process, the hot gas
(N2, excess Hz, and H20 from combustion) above the flame enters a thermal nozzle,
which can convert part of the combustion enthalpy into kinetic energy of the exiting gas,
resulting in a sonic velocity turbulent jet of hot gas. At the same time, the aqueous
precursor enters the throat of the nozzle, and is rapidly heated and atomized by the hot

gas. The resulting droplets evaporate, the precursor decomposes, and nanoparticles
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nucleate, grow, and are finally quenched. Traditional flame-based aerosol reactors often
must use high-enthalpy organic solvents for preparing precursors, so the particles form
in a flame at very high temperature. A notable characteristic of the HTRJ reactor is that it
decouples the combustion chemistry from the particle formation process into different
regions of the reactor. This allows the use of low-enthalpy aqueous precursor solutions
of inexpensive metal salts. Particles of many transition metals can be reduced by
hydrogen in the presence of water vapor, and this decoupling is particularly advantageous
for the synthesis of metal nanoparticles that are mildly prone to oxidation. Metals used as
supports are generally oxidized by water vapor in the presence of hydrogen. Therefore,
the HTRJ reactor is capable of preparing metal active components and oxide supports in
one step, without a post-synthesis reduction treatment. This decoupling also allows the
use of aqueous metal salt precursor solutions, providing flexibility in catalyst precursor
selection, and reducing cost and environmental impact. For example, the HTRJ reactor
has recently been used to produce supported nickel-based catalysts for dry reforming of
methane using mixtures of nitrate salt precursors for both the support and active metal [73].
These show good dispersion of the metal on the support, as illustrated by the TEM image of
HTRJ-made Ni/Al03 catalyst in Figure 6b. More importantly, the HTRJ reactor allows
particle formation to happen at a relatively low temperature (500~700°C) compared to
traditional reactors (above 2000°C), due to the decoupling of particle formation from the
flame, cooling that takes place across the nozzle expansion, and the use of aqueous
precursors with high specific heat and heat of vaporization. Additionally, the particle
formation temperature can be further lowered by altering flame position and oxygen flow
rate. This method also provides a great opportunity for the synthesis of carbon-supported

metal structures [74], which have application potential in electrocatalysis.

21



© Reduction

® Crumpling

® Atomization

| Precursor
_| Solution

Figure 6. (a) Schematic of DFSP reactor and HAADF image of
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3. Recent applications in thermal catalysis

The previous sections provided an overview of flame aerosol synthesis of catalysts,
concisely describing the historical development and the particle formation mechanisms
of flame aerosol processing, as well as the effect of process parameters and reactor
configurations on catalytic properties. The following two sections provide a critical
summary of the most recent flame-made thermal catalysts, photocatalysts, and
electrocatalysts, aiming to reveal current research trends and predict future directions.
For thermal catalysis, the high thermal stability of flame-synthesized catalysts enable
stable catalytic activity at high temperatures. Table 1 summarizes thermal catalysts
fabricated via flame aerosol processing and reported over the past three years. These
studies mostly focus on environmental and energy issues. Reactions such as CO:2
reduction, methane reforming, and CO removal have garnered the most attention. This
chapter divides these thermal catalytic reactions into COz2 utilization, harmful gas removal,
and organic synthesis processes and describes them separately.

3.1 CO: utilization

The 2015 Paris Climate Agreement calls for limiting global warming to a rise of 1.5~2 °C
[75]. Thus, in recent years, energy and environmental issues related to control of CO:2
emission and clean use of fossil fuels are increasingly urgent. Some promising thermal
catalytic reactions for COz2 utilization, such as CO2 methanation (CO2 + 4H2— CHas + 2H20)
and dry reforming of methane (DRM, CH4 + CO2 = 2CO + 2H2) are of increasing interest
in both scientific and industrial contexts. The development of high performance,
economical, and durable catalysts has become a core challenge for large-scale

implementation of such processes. Even though some related catalysts [39, 76] had been
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produced by the FSP method several years ago, research in this area remains very active.
For CO2 hydrogenation, many byproducts are involved, so the selectivity to the main
product is important. Dreyer et al. [77] recently synthesized Ru-based CO2 methanation
catalysts by the FSP process that were able to attain as high as 99% methane selectivity.
This study explored the influence of four oxide supports (Ru/CeOz2, Ru/MnOx, Ru/Al20s3,
and Ru/ZnQ) and their reducibility on the CO2 methanation activity. In Ru-based catalysts,
oxide supports supply CO adsorption sites while Ru provides H2 dissociation sites, and
both of them determine the CO2 conversion and selectivity. Among these four catalysts,
the Ru/Al203 combination exhibited the highest Ru-CO coverage, followed by Ru/CeO2,
Ru/MnOx, and Ru/ZnO; however, too much Ru-CO coverage would decrease the number
of Hz dissociation sites. Therefore, the mild reducibility of Ru/CeOz2 catalyst provided the
optimal CO adsorption situation, not only achieving high CO coverage but also retaining

enough H2 dissociation sites, leading to the highest catalytic performance.

Besides CO2 methanation, CO2 hydrogenation to methanol also received attention. All of
the recent flame-made catalysts for this reaction were Cu/ZrO2. For example, Tada and
Fujiwara et al. studied the influences of Cu loading [78], particle size and crystallinity [79]
on catalytic performance. The Cu loading varied from 20% to 80%. Low loading benefits
Cu dispersion and interaction with ZrO2, while high loading produces more active sites.
The optimal catalytic performance was achieved at 60 wt% loading, which combined the
advantages of both high Cu dispersion and active site numbers. Cu content also had a
significant effect on particle size, which increased from 10 to 20 nm with increasing Cu
content. Another influencing factor for particle size is the precursor feed rate. Upon

increasing the feed rate from 1 to 10 mL min-', the Cu particle size dropped from 17 to 12
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nm. However, particle size was not the decisive factor for catalytic performance and the
best performance (as shown in Table 1) was achieved by catalysts produced at a
relatively low precursor feed rate (3 mL min-'), because of its impact on the support crystal
structure. Usually, ZrO:2 exists in a tetragonal crystalline structure, but at low feed rate, a
substantial fraction of amorphous ZrO2 was produced, resulting in weak adsorption of
methanol onto the catalyst surface and suppressing methanol decomposition to CO.
Compared to the CO2 methylation catalysts prepared by wet chemistry methods, the
particle size of the flame-synthesized Cu/ZrO2 catalysts were smaller. Tada et al. [80]
further improved the structure and performance of Cu/ZrO:2 catalysts by using a two-
nozzle FSP reactor. The two-nozzle reactor provided flexibility for tuning product structure.
In this way, the Cu size was below 5 nm, resulting in better dispersion and catalytic activity,
and methanol selectivity was higher than that of the commercial CuO/ZnO/Al2O3 catalysts

used for methanol synthesis from syngas.

Dry reforming of methane (DRM) uses two greenhouse gases (methane and COz2) to
produce syngas. Compared to breaking weak H-H bonds in CO2 hydrogenation, the DRM
reaction requires breaking stronger C-H bonds, which in turn requires a high reaction
temperature and catalysts that are stable at that temperature. The excellent thermal
stability of catalysts synthesized by FSP meets this requirement. Noble metal catalysts
show high catalytic performance and excellent coking resistance, but recent studies have
focused on transition-metal-based catalysts to reduce cost. An example is the Co/Al203
catalyst synthesized by Horlyck et al., who investigated the effect of metal-support
interactions by varying Co:Al ratio [81]. At 10% Co loading, a strong interaction between

Co and Al led to the formation of the spinel phase (CoAl204), which resulted in very limited
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Co reducibility and thus rendered the catalyst inactive. Such a situation could be solved
by loading more Co. Increasing Co loading to 30% prevented spinel formation, and the
readily-reduced Co active sites were well dispersed on the support surface. Also, the
deposited Co showed a high basicity, which increased the CO2 adsorption capacity and
the resistance to carbon deposition. Further increasing the Co fraction increased the size
of Co deposited on the Al2O3 surface and made the catalyst more easily deactivated.
Some studies found that doping La into the Al2O3 support can also prevent spinel
formation and enhance catalytic activity [82, 83]. Horlyck et al. [82] reported that doping
15% La promoted the formation of Co3O4 to inhibit the undesirable spinel phase and
enhance catalyst basicity, which gave rise to higher CO2 adsorption capacity and catalytic
activity, and reduced catalyst carbonization. The low La loadings resulted in the
substitution of single La3* ions into the Al2O3 lattice; while aggregated La atoms appeared
as crystal defects when the La loading increased. The dispersion of La on the Al203 was
high because La was doped via substitution rather than surface deposition. Adjusting the
distance between the two nozzles in the DFSP reactor also limited spinel formation and
facilitated the production of readily-reduced Co species. Because of these advantages,
the La-doped catalyst achieved superior methane conversion (90% conversion at 750°C
and 96% at 800°C) compared to prior studies, and the outstanding methane conversion
was maintained for at least 24 h, as shown in Figure 7a. Generally, metal oxides
synthesized in a flame are non-porous, but FSP-synthesized silica can have a much
higher surface area than most other flame-made powders [84, 85]. Part of the reason is
simply the low density of silica compared to metal oxides, which increases specific

surface area for given particle size and structure. In addition, surface area is increased
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when a high concentration of nuclei form, and do not sinter. One interesting study utilized
an asymmetric DFSP reactor to prepare a high surface area SiO2-Ceo.7Zr0.302 composite
support, with one nozzle for preparing silica, the other for Ceo.7Zro.302. This study
indicated that during the silica particle formation process, incorporation of 5% “CeZr
impurities” can provide isolated sites for silica nucleation and growth, which results in a
larger number of smaller silica particles, and thus increases the surface area from 324 to
481 m?/g relative to undoped silica. [86] Then, the Ni catalyst was loaded on the high
surface area support by wet impregnation. This complex Ni-based catalyst had excellent
thermal stability, and the preferential deposition of Ni on the silica surface promoted
methane decomposition. However, the deposition of Ni on silica supports can lead to the
formation of filamentous carbon that causes catalyst deactivation. Thus, although a
diverse array of novel structures was achieved by this method, we do not recommend it
based on efficiency and economic considerations. These catalysts failed to show a high
catalytic performance compared with others fabricated from single impregnation or flame
aerosol methods, so the additional steps and associated high cost cannot be justified.
3.2 Harmful gas removal

Harmful gas treatment is another prevalent environmental issue that can be addressed
using flame-made catalysts. In this field, most of the recent studies focus on CO oxidation.
Unlike CO:2 oxidation, CO oxidation involves very few side reactions and happens at a
relatively low temperature, so it has many practical applications in purification and
separation, like treatment of automotive exhaust and removal of trace CO from H: for use
in fuel cells. For these uses, achieving high CO conversion at low temperature is crucial.

Ogel et al. prepared Pt/Al203 catalysts via incipient wetness impregnation, FSP,
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supercritical fluid reactive deposition, and pulsed laser ablation methods, finding that
FSP-made Pt/Al203 catalyst provided the best catalytic activity and hydrothermal aging
resistance [87]. They attributed the excellent performance to the appropriate particle size,
indicating that FSP achieved the optimal Pt particle size of 2~3 nm for CO oxidation.
Smaller catalyst particles are expected to be highly mobile and thus deactivate during the
reaction. However, a different conclusion was reached by Zhao et al. [88], who argued
that smaller Pt particles often mean more active sites, contributing to the elevated activity.
By doping 1% Co into Pt/TiO2 catalyst, the Pt particle size decreased from 2.47 to 0.72
nm, reducing the temperature for complete CO conversion from 120 to 70°C. Additionally,
increased surface adsorbed oxygen also contributed to the high catalytic activity of Co-
doped Pt/TiO2 catalyst. Surface adsorbed oxygen can form a bicarbonate intermediate,
which more easily decomposes to CO2 than other intermediate products. The Co species
on the surface serve as oxygen binding or reservoir sites during the reaction process.
Another related study indicated that doping 0.55% N into Pt/TiO2 catalyst could improve
its thermal stability [89]. Nitrogen was introduced via a second nozzle and formed Pt-N
bonds, which inhibited the movement and aggregation of Pt particles. However, both Co
and N dopants promoted the formation of rutile rather than the anatase phase, which is

detrimental to the catalytic activity [88, 89].

Compared to Pt-based catalysts, more attention has focused on non-noble metal
catalysts for CO oxidation recently because of their low cost and easily tunable activity.
For example, a CuO/TiO2[90] catalyst synthesized by the FSP process showed complete
CO conversion at 120°C, which was comparable to some noble metal catalysts.

Meanwhile, Zhao et al. indicated that doping Mn into CuO/CeO:2 catalysts could produce
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a synergetic effect to enhance catalytic activity [60]. The CO oxidation reaction starts with
CO chemisorption at the CuO-CeOz2 interface to form Cu*-CO carbonyls that react with
absorbed oxygen to form the carbon intermediates. The redox reaction of Mn with Cu
(Cu?* + Mn%* — Cu*+ Mn**) generated more Cu* species and thus more CO adsorption
sites. Moreover, Mn doping provided more oxygen defects and thereby generated more
absorbed oxygen. Such synergetic effects enhance CO and O adsorption to improve
catalytic performance. In this way, the temperature to reach 90% CO conversion dropped
from 200 to 131°C upon doping with Mn. However, contrasting results were presented in
another report on a CuO/CeO2 catalyst [91], which showed excellent catalytic
performance by only adjusting Cu loading, achieving 100% CO conversion at only 120°C
without any additional doping. CO oxidation catalysts must survive in a humid
environment, but many catalysts suffer from rapid hydrothermal deactivation. Flame
aerosol processing generally produces catalysts with high moisture tolerance. The
previously described CuO/CeOz2 catalysts show low water sensitivity and are suitable to
work in a humid atmosphere. Flame-made hopcalite (Cu-Mn oxide) catalysts also showed
competitive stability against moisture that was much better than commercial hopcalites
[92, 93]. Under humid conditions, water adsorption promotes CO:2 adsorption by
dissolution mechanisms, and the subsequent formation of HCOs- and COs* that
coordinate to Cu?*, thereby causing deactivation. The studies of hopcalites found that, by
controlling precursor composition and concentration, gas flow, solvent, and other
parameters, the flame aerosol processing could form a 2 to 5 nm thick amorphous carbon
layer (TEM image shows in Figure 7b) around hopcalite particles, which made the

particles hydrophobic. This hydrophobization alleviated the water-based deactivation
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mechanism and allowed the catalyst to achieve 50% higher CO conversion than

commercial catalysts under humid conditions.

Some perovskite catalysts were also prepared for the removal of harmful gases [94, 95].
Although they failed to give a high CO conversion at low temperatures, some of them
could be used for three-way catalysis that deals with CO, NO, and C«H, together, as is
needed to purify automotive exhaust gas. Apart from CO oxidation, promising catalysts
for other reactions of harmful gases, such as NO oxidation [87] and methane combustion
[96], were also fabricated via flame aerosol processing in recent years. We highlight here
one study on FSP synthesis of CuO/TiO2 nanocatalyst for low-temperature removal of
toluene (Figure 7c and 7d), which accomplished up to 90% toluene conversion at
temperatures as low as 200°C [97]. This impressive catalyst performance was attributed
to the unique advantages and flexibility of FSP. For the dispersion of Cu species on a
support, traditional wet-chemistry methods can reach 5~12 wt% loading [98]. However,
with particle nucleation from gas-phase atoms, this flame-made catalyst could achieve 20
wt% Cu loading and still maintain very high dispersion. Most of the Cu species were
embedded internally, producing more oxygen vacancies, which benefits oxygen
adsorption and formation of mobile oxygen species at the metal/oxide interface.
Meanwhile, the high reducibility of active sites and the anatase-to-rutile transformation
during the FSP process also led to higher catalytic activity. Additionally, the synthesized
CuO/TiO2 catalysts showed good hydrothermal stability, making them suitable for
application in many practical situations, such as removal of harmful gases in vehicle
exhaust, self-cleaning and air-cleaning (photo)catalytic paints and surface treatments,

and biomass utilization.
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3.3 Organic synthesis

Besides environmental and fuel-related applications, flame aerosol processing has also
produced heterogeneous catalysts for some important organic synthesis reactions in the
chemical industry. For example, Wang et al. synthesized high acidity Ru/SiO2-Al203
catalysts for the Fischer-Tropsch process. By simply adjusting the ratio of SiO2 to Al20s3,
the carbon chain length and the composition of final products could be tuned [99].
Sprenger et al. prepared Bi-Mo-Fe-Co oxide quaternary catalysts for propylene oxidation
to acrolein and acrylic acid, showing the great potential of flame aerosol processing for
the fabrication of complex catalysts [100]. Pongthawornsakun et al. employed a two-
nozzle FSP reactor to produce an Au-Pd/TiO2 catalyst for acetylene hydrogenation, which
had much higher catalytic activity (46% C2H2 conversion) than catalysts made by
conventional co-impregnation (22% C2H2 conversion) and deposition-precipitation (19%
C2H2 conversion) methods [101]. Gavila et al. fabricated a Co-Al spinel catalyst for furfural
hydrogenation that showed considerable potential to replace noble metal catalysts [102].
Here, we further consider the FSP-made amorphous silica-alumina and amorphous silica-
alumina-phosphate solid acid catalysts for aqueous conversion of glucose to levulinic acid
[103]. During the silica-alumina synthesis, by controlling the Si-Al ratio (Al content varied
from 0 to 100 mol%), the SSA varied from 180 to 407 m2g™", reaching a maximum at 20
mol% Al addition. The SSA continually increased up to 478 m? g-! upon reducing the liquid
precursor feed flow rate, demonstrating the flame aerosol synthesis of high SSA catalysts,
as shown in Figure 7e and 7f. Benefitting from the high SSA, up to 40% levulinic acid
yield was obtained, which was double that achieved by protonated ZSM-5 and zeolite X

catalysts. Also, though the addition of phosphate into this system produced an obvious
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decrease in SSA, it could greatly increase the amount and strength of surface acid sites,

contributing to slightly higher catalytic activity.

Generally, in the past three years, the vast majority of flame-made catalysts have focused
on environmental and energy fields. The unique particle formation mechanism of flame
aerosol processing provides many valuable characteristics to heterogeneous catalysts,
such as high thermal stability, good active component dispersion, and abundant oxygen
defects in the support. The tunable flame parameters further contribute to the tailoring of
desired structures to deal with moisture, high temperature, or other demanding conditions.
In the future, considering the growing demands for controlling carbon emission and
treating vehicle exhaust, we believe that CO2 reduction and CO oxidation reactions will
remain areas of concentrated research activity for flame-made catalysts. Notably, with
the promotion of the Shale Revolution in North America, as well as China’s breakthrough
in combustible ice mining technology, methane dry and steam reforming reactions will

continue to garner attention.
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Figure 7. (a) Methane conversions of La-doped Co/Al203 DRM catalyst at 700°C. In
CALxy, x is the La content (wt%) and y is the nozzle distance; (b) TEM image of
amorphous carbon layer around a hopcalite particle; (¢) TEM image of highly loaded
CuO/TiOz2 catalyst and (d) its toluene conversion. In xCT, x is the CuO content (wt%);
(e) TEM image and (f) Type Il N2 adsorption-desorption isotherms of high SSA
amorphous SiO2-Al203 catalyst. Reproduced from ref. [82], [92], [97], and [103] with
permission from the Royal Society of Chemistry, European Chemical Societies and

Elsevier.

4. Recent applications in photocatalysis and electrocatalysis

4.1 Photocatalysis
Utilization of solar energy to drive reactions via photocatalysis has long been regarded as

an environmentally friendly and sustainable strategy for producing renewable fuels. TiO2
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is recognized as the most promising photocatalyst due to its activity and stable
physicochemical properties. With simple and continuous synthesis steps, flame aerosol
processing has become the most common method for large-scale production of TiO2
photocatalysts in the chemical industry, e.g., the P25 TiO2 photocatalyst made by
Degussa (now Evonik). Furthermore, flame aerosol processing can flexibly adjust TiO2
structure to meet different reaction requirements. An example of this goal is the control of
phase composition to accomplish the best synergistic effect between anatase and rutile
for methanol deoxygenation. By adjusting H2 flow, the anatase content was varied from 4
mol% to 95 mol%, and the optimal catalytic activity was achieved at 39 mol% anatase
content [104]. However, the wide bandgap of TiO2 limits its ability to absorb visible light.
So recently, as shown in Table 2, most research focuses on co-catalysts that incorporate
noble metals, transition metals, or non-metallic elements to narrow its bandgap and

enable it to absorb visible light.

Noble metal co-catalysts may improve TiO2 photocatalytic activity by reducing its effective
bandgap, providing new active sites, creating localized surface plasmon resonances, and
other effects. For example, Bahadori et al. incorporated Ag in TiO2 and obtained 1.5 times
the NO3s" conversion for nitrate reduction compared to bare TiO2 [105]. Recent studies
indicated that flame aerosol processing is able to deposit very tiny noble metal particles
on the TiOz2 surface, resulting in promising activity and poisoning resistance. In the case
of a Pt-TiO2 photocatalyst for the steam reforming of methanol, the FSP-made co-catalyst
exhibited many sub-nanometer Pt clusters (particle size <2 nm) on the TiO2 surface [106].
The Pt clusters not only provided more active sites, but also tended to locate on the

corners or edges of TiOz, leading to better dispersion and stronger CO adsorption ability.
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Also, reducing the Pt size from nanoparticles to clusters accelerated the methanol and
water adsorption kinetics, leading to a high turnover frequency, and hindering the
detrimental formation of irreversibly adsorbed CO on Pt. All of these aspects increased
the photocatalytic performance of Pt cluster-decorated TiO2. Furthermore, a flame
aerosol process was even able to deposit single Pd atoms on TiO2 (Figure 8a), which
produced a four-fold increase in NOx removal efficiency with respect to bare TiO:2
photocatalyst [107]. The Pd doped in TiO2 can be divided into four parts, isolated Pd
atoms, Pd sub-nanoscale clusters, Pd nanoparticles, and Pd incorporated in bulk TiOz2.
As quantified by diffuse reflectance infrared Fourier transform spectroscopy, initially the
proportion of isolated Pd atoms increased linearly with increasing total Pd content, and
reached a plateau value of 0.055% of the total Pd content, for 0.1 wt% total Pd content.
Further increasing Pd content did not produce more isolated Pd atoms due to the
formation of Pd clusters. Although the number of isolated Pd atoms was tiny, its effect on
photocatalytic activity was decisive. This study indicated that the average NO removal
efficiency linearly increased with the fraction of isolated Pd atoms, and the Pd-TiO2 co-
catalyst doped with 0.1 wt% and 1 wt% Pd had similar catalytic performance, indicating
the minor role of Pd clusters, Pd nanoparticles, and Pd dispersed in bulk TiO2. The
surprising activity of single Pd atoms suggests that they provide exceptionally active sites
for the photocatalytic NO removal, that they are highly selective for NO conversion to
nitrate, and that they have high resistance to nitrate poisoning. In total, the flame aerosol
processing contributed to the deposition of single Pd atoms onto the TiO2 surface,

maximizing catalyst performance while minimizing the noble metal use.
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Doping with other metals can also reduce the TiO2 bandgap and/or induce charge
trapping sites. By doping Ce into TiOz2, the bandgap of TiO2 was reduced from 3.06 to
2.43 eV, which enabled strong visible light absorption. This light absorption wavelength
redshift was attributed to the fact that the 4f orbital energy level of Ce was below the TiO2
conduction band, so the electrons in the Ce—TiOz2 valence band can be excited into the
Ce 4f energy level by visible light. Meanwhile, Ce trapped electrons and inhibited electron-
hole recombination, increasing superoxide anion radical and hydroxyl radical generation.
In this way, methylene blue photo-degradation efficiency increased from 20% to 70% with
respect to bare TiO2 [108]. On the other hand, the addition of a transition metal does not
necessarily enhance photocatalytic performance. The outcome depends on its interaction
with TiO2. For example, Cu doped into TiO2 could adopt two valence states, Cu* and Cu?*.
Though both of them could narrow the TiO2 bandgap, for water splitting hydrogen
production, Cu* could accelerate the electron-hole separation to promote the
photocatalytic reaction. However, electrons on the Cu?* do not have sufficient redox
potential to reduce H*, thus producing an inhibition effect [109]. Flame aerosol processing
is conducive to engineering the Cu valence to maximize catalytic activity [110]. By
controlling precursor composition and oxidant/fuel ratio, up to 93% surface Cu20
nanocluster content was achieved, leading to a photocatalytic water splitting rate 22 times

higher than P25.

Doping of non-metal elements has long been seen as the third-generation method for
modification of TiO2 photocatalyst properties. It can narrow the TiO2 bandgap to produce
more photogenerated electrons and holes under solar illumination. The addition of non-

metal elements by wet-chemistry generally involves large volumes of solvents and
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requires several post-treatment steps, making it even more complicated than doping with
metals. However, recent studies show that flame aerosol processing enables the
synthesis of non-metal doped TiOz2 in a rapid single-step process. For example, S-doped
TiO2 particles can be easily formed during FSP by adding aqueous H2SO4 into the TiO2
precursor [111]. As shown in Figure 8b, there is an increase in visible light absorbance
with increasing S content in TiO2. The S atoms incorporated into the TiO2 lattice mainly
existed in S* and S** cation states. The presence of S* reduced the TiO2 bandgap
energy to 2.78 eV and thereby shifted the optical absorption to the visible region.
Additionally, S®* and S** served as electron capture sites and increased the electrical
conductivity of TiO2. A similar method was used to prepare an N-doped TiO2 photocatalyst
by the addition of HNO3s and urea into the TiO2 precursor [58, 112]. Most of the N atoms
occupied interstitial positions in the TiO2 lattice, forming Ti-O-N bonds rather than
substitutional nitrogen. The interstitial N atoms changed the electronic band structure of
TiO2, resulting in a new N 2p energy band formed above the O 2p valence band, which
narrowed the TiO2 bandgap to 2.47 eV. Also, the interstitial nitrogen atoms inhibited the
recombination of the photogenerated electron-hole pairs. Thus, electrons accumulated
on the catalyst surface and combined with oxygen, producing highly oxidative species,
such as hydroxyl radicals. The highly oxidative species contribute to the degradation of
organics. The drawback of this process is that the aqueous dopant precursor would
reduce the combustion enthalpy during FSP, leading to a substantial increase in particle
size and decrease in surface area. Despite this, both the S-doped and N-doped TiO2

catalysts showed excellent photocatalytic activity for the degradation of organic pollutants.
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Apart from TiOz2, flame aerosol processing also contribute to the synthesis of other
photocatalyst materials, such as MoOs3 [113] for hydrogen production and WOs3 [114] for
the degradation of organic dyes. A recent study focused on the flame synthesis of a novel
torus-shaped g-CsNs4 photocatalyst due to its moderate bandgap and stable
physicochemical properties [59]. An SEM image of flame-made torus g-CsN4 is shown in
Figure 8c. The unusual shape of the g-CsN4 was a result of droplet deformation and was
influenced by various flame parameters. Generally, high precursor flow rate and
temperature caused the droplets' structural instability. Under such conditions, and at a
suitable precursor concentration, hydrodynamic processes during solvent evaporation
and resulting concentration of solids at the peripheral regions of the droplet finally led to
droplet collapse that produced the novel torus shape. Interestingly, the flame process
failed to have any effect on the chemical bonding in the g-CsN4 network, but reduced
surface functional group defects. Sometimes, the surface defects on g-C3sN4 might inhibit
charge transport and/or act as electron-hole recombination centers, which degrade
photocatalytic performance. Therefore, the reduction of surface defects led to a significant
improvement in photocatalytic hydrogen production efficiency. Moreover, the novel torus-
shaped g-CsN4 catalyst showed considerable stability, maintaining constant

photocatalytic activity for 12 h.

In total, many recent studies focused on doping a second component in TiO2, to narrow
the bandgap, provide new photoactive sites, and produce more photoexcited electron-
hole pairs. Flame aerosol processing helps to simplify doping steps and flexibly design
co-catalyst composition, structure, and morphology to maximize their synergistic effect.

Particularly, it provides the possibility to form isolated Pd atoms on the TiO2 surface, which
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showed amazing photocatalytic activity. We believe that studies on how to design flame
parameters to produce more isolated noble-metal atoms are a promising direction for
research in the future. Moreover, environmental and energy applications, such as
photocatalytic degradation of organic pollutants and water-splitting to produce hydrogen,

will remain important topics of research for the foreseeable future.

Nominal Pd-content, wt%
(a) 0 —01 1 Q (b)

. Before NO removal @
: Ql |
""".'.';ss:‘ﬁa‘;

N
! W
A L —— I15-Ti0, |
! A TiO,
| 400 500 600 700 800
! Wavelength(nm)

! ¥ T

After NO removal

Absorbance (a.u.)

B
S

|
I
1
1
I
I I
I I
I L
| I
I I

I

1
1 1
I I
| I
1
I I
I I
! 1
I [
1 1
) 1
I I
| I
I I
1 1
| I
I I
|
[} I
1 1
I I
I I
| I
1 1
1 1
I I
I I
| T
1 1
1 1
t

1
1 1
1 1
I
1

|
I
I
I
|
|
I
I
|
|
1
1
I
1
1
|
|
|
I
I
|
—
1

2000 1900 1800 1700 1600 1500 1400
Wavenumber, cm™

Figure 8. (a) DRIFT spectra of FSP-made Pd/TiO2 photocatalyst for NOx removal. The
DRIFT peaks at 1847cm-', 1510 cm!, and 1420 cm™' represent isolated Pd atoms, Pd
sub-nanoscale clusters, and Pd nanoparticles respectively; (b) UV-vis diffuse
reflectance spectra of S doped TiO2 photocatalysts with varying S concentrations; (c)
SEM image of FSP-made novel torus g-CsN4 photocatalyst. Reproduced from ref.

[107], [111], and [59] with permission from Elsevier.
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4.2 Electrocatalysis

Electrocatalysts play an important role in energy conversion and storage devices, such
as fuel cells [115] and water-splitting devices [116], but have often been limited by
expensive fabrication costs and low production rates. Flame aerosol processing gives
access to scalable production of electrocatalysts and allows one to easily tailor the
electronic structure by tuning processing parameters. Therefore, even though very few
studies have reported the flame aerosol synthesis of electrocatalysts to date, we believe
that this field holds great potential for both basic research and practical applications. In a
recent study, Daiyan et al. [117] synthesized a ZnO nano-electrocatalyst via a FSP
process for the production of Hz2 and CO (syngas) from water and COz, demonstrating
unprecedented stability and reactivity with a current density of 40 mA cm at an applied
cell voltage of 2.6 V (Figure 9a), for up to 18 h of CO2 reduction reaction (CO2RR). The
high CO2RR activity was attributed to abundant oxygen defects, caused by the fast growth
and crystallization process during FSP and the high oxygen anisotropic atomic
displacement value in the ZnO wurtzite crystal, which can lower the free energies for both
H2 and CO generation and accelerate the adsorption of reactant CO2 molecules near the
active sites. More interestingly, the interior of the flame-made nanoparticles was observed
to consist of ZnO {101} facets, while the edges consist of {110} facets, as shown in Figure
9b. With increasing precursor flow rate, the ZnO nanoparticles preferentially grew along
the <101> directions and exposed more {110} facets. The exposed {110} facets
decreased the free energy barrier for formation of intermediates, and improved selectivity

to the desired products, eventually achieving a H2/CO ratio approaching 1.
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Another related study produced a SnOz2 nanocatalyst for the reduction of COz2 to formate
[118], indicating that the particle size and surface area did not have a significant effect on
electrocatalytic performance, but that surface defects governed the production rate and
formate selectivity. Generally, the CO2 molecules were initially adsorbed on surface
defects and subsequently converted to formate on SnO:2 active sites. The presence of
oxygen hole centers increased the charge density and the valence band maximum, which
improved CO2 activation and thus gave higher CO2 conversion at low overpotential. The
synthetic control of process parameters (e.g., increased precursor feed rate to reduce
surface oxygen species due to incomplete combustion) was conducive to optimal surface
defect density, achieving the highest electrocatalytic performance of 85% conversion to

formate with a current density of -23.7 mA cm™ at =1.1 V overpotential.

In addition, some studies of flame-synthesized electrocatalysts focused on the fabrication
of perovskites because the flame process provides relatively high surface area while
preventing the blocking of A-site ions. A previous report provided theoretical guidance for
flame-made perovskite nanocatalysts and showed that SrRuOs and LaRuOs could
provide high oxygen evolution reaction (OER) activity but poor thermodynamic stability in
aqueous solutions [119]. Thus, recent studies highlight the incorporation of Fe in B-sites
of such materials to improve thermodynamic stability. One of them prepared a Fe-doped
double perovskite PrBaCoz(1-x)Fe2xOs-5 catalyst, showing that the degradation of Co during
OER was inhibited by Fe addition [120]. Also, the synergy between Fe and Co improved
the electrocatalytic activity for the OER. But another study indicated that the incorporation
of too much Fe in LaCoOs perovskite would decrease the OER activity [121]. With less

Fe doping, the LaCoxFe1-xOs3 electrocatalyst showed a higher OER activity, with a current
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density of 10 mA cm at 1.64 V potential. An additional 40 mV overpotential was required
to reach the same current density when the Fe content increased to 60%. A similar trend

was also observed in electrocatalytic ethanol (EtOH) oxidation.

Although less research has been reported on the flame aerosol synthesis of
electrocatalysts, we believe there is great potential in this field. So far, almost all of the
flame-synthesized catalysts are metal-based. Some studies have revealed the potential
of preparing conductive carbonaceous materials via flame aerosol processing [74, 122-
124], but little attention has been given to flame synthesized carbon-based or carbon-

covered electrocatalysts. This would be a good direction for further exploration.
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Figure 9. (a) Linear sweep voltammetry of ZnO electrocatalysts prepared with
precursor feed rates of 5, 7, and 9 ml min-'. (b) HR-TEM image of FSP-made ZnO

electrocatalyst; Reproduced from ref. [117] with permission from Wiley-Blackwell.
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5. Summary and outlook

Flame aerosol processing, the most common technology for large-scale industrial
production of nanomaterials, has been widely explored to design catalysts in the past
twenty years. Many studies have demonstrated that the flame aerosol processing could
provide valuable opportunities for the synthesis of unique nanocatalysts, which are not
accessible by traditional wet chemistry methods. Generally, flame aerosol processing
provides flexibility for tailoring catalyst characteristics by controlling process parameters,
leading to the rational design of catalysts towards desirable structure and function. The
few and continuous manufacturing steps can enable scalable production with consistent
physicochemical properties. However, some challenges still exist in this technology. To
date, the vast majority of flame-made catalysts utilize the FSP reactor. The utilization of
expensive organic precursor solvent increases production cost, while the FASP reactor
uses less expensive aqueous precursors but often results in inhomogeneous particles.
The production of non-porous and less crystalline nanoparticles also limits its application
in some cases. To solve these problems, we should not only focus on the final catalytic
performance for a particular reaction. More studies and in situ characterization efforts
should be directed towards understanding the catalyst formation process during flame

aerosol processing, and more advanced flame reactors must be developed.

In the past three years, more than 40 novel nanocatalysts were synthesized via flame
aerosol processing. Most of them focus on environmental and energy issues, such as
CO2 utilization, CO oxidation, and H2 production. These will remain hot topics in the
foreseeable future. On the other hand, nearly all of the flame-made nanocatalysts were

in the form of small nano-actives deposited on larger metal oxide (or silica) nanosphere
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supports. Most efforts were devoted to optimizing catalytic activity by improving the
surface area, dispersion, or doping with other elements to produce synergistic effects.
However, while a noticeable advance could be seen in linking material characterization
and catalytic mechanisms, the exploration of novel structures (like torus g-CsN4 and single
Pd atoms) was limited. We believe that plenty of opportunities remain in the synthesis of
unconventional structural, monoatomic, metal-free, or even porous nanocatalysts by

flame aerosol processing.

Finally, beyond catalysis, flame aerosol processing also has great applications in other
rapidly-growing fields, like sensors [125], electrode materials [126], photo-anodes [127],
and bioimaging [128]. These materials and applications are considered in other review
papers [45, 129, 130]. With respect to future applications beyond catalysis, we believe
that application of flame aerosol made perovskite in solar cells is a promising direction for
future research. Also, flame aerosol processing enables production of high purity and low
toxicity materials with adjustable surface groups, so flame-made hollow silica and alumina
microspheres may serve as carriers for targeted drug delivery and release. For such bio-
applications, developing appropriately-certified manufacturing practices will be essential
to clinical translation. In conclusion, early studies of flame aerosol processing mainly
focused on industrial production of low-cost particles of simple oxides. However, greater
attention is now being focused on its ability to prepare high-performance multi-component
materials. In the future, we believe that flame aerosol processing will become an essential
method for scalable fabrication of advanced nanomaterials for application in many fields,
and that production of catalytic nanomaterials can play a leading role in this expansion of

the importance of flame-made nanomaterials.
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Tables

Table 1. Thermal catalysts synthesized by flame aerosol processing in the past three

years
Structure
Catalyst Reactor ) o Particle size : :
(Actives/Support) type Reaction Act).rcr?]r;tl. l’(/V\)ﬂ % (nm) (nS128A_1) Optimal Catalytic Performance Ref.
° (Actives/Support) 9
CO: hydrogenation to _ a 83% CO2 conversion, 99% CHs
Ru/CeO, methane 5 1.6~7.1/NA NA selectivity at 300°C
RU/MnOx CO; hydrogenation to 5 1.6~71/NA NA 25% COz conver§|on, 90% CH4
FsP methane selectivity at 300°C 77
CO; hydrogenation to _ 32% CO:2 conversion, 94% CHa
Ru/AlzOs methane 5 1.6~7.1INA NA selectivity at 300°C
Ru/ZnO CO; hydrogenation to 5 1.6~71/NA NA 1% CQz_ conversLon, 6% CHs
methane selectivity at 300°C
2~4% COz conversion, 50~60%
CO: hydrogenation to () _ methanol selectivity, methanol
CuizrC, FSP methanol 60 10~20/~10 62~235 production rate 20 ml h”'ge.i" at 78]
230°C
6~10% CO. conversion, 50~60%
CO:2 hydrogenation to _ _ methanol selectivity, methanol
CuizrC, FSP methanol 60 12-17/3.7~7 NA production rate 30 ml h''geai" at [79]
230°C
2~6 % CO: conversion, 45~60%
CuiZrOs DFSP CO; hydrogenation to 11~14 <5 /~10 106~114 methanpl selectivity, m_eghanr?l 180]
methanol production rate 7 ml min"'ge,”" at
270°C
98% methane conversion, H2:CO=
Co/Al203 FSP Methane dry reforming 10~90 1~2/10~20 88~126 1.2 at 800°C; 78% methane [81]
conversion H2:CO=1.1 at 700°C
96% methane conversion, H2:CO=
Co/Al,03-La203 DFSP Methane dry reforming 10 NA/5~30 111~122  1.02 at 800°C; 89% methane [82]
conversion H2:CO=0.9 at 700°C
80% methane conversion, H2:CO=
Ni-Co/Al203-La20s FSP Methane dry reforming 7525 NA NA 0.8 at 800°C; 50% methane [83]
conversion H2:CO=0.7 at 700°C
Ni/ SiO 73% methane conversion, H2:CO=
Cel Z: 2(-) DFSP Methane dry reforming 10 10~15/9.5~12 141~276  0.98 at 800°C; 55% methane [86]
07el0-32 conversion H:CO~0.8 at 700°C
; CO»-assisted ethane . _ 46% C2H2 conversion, 85% CzHs
ColSi0; FSP dehydrogenation 03-45 1INA 250-500 selectivity at 700°C 151
CO oxidation: Ts0°~104°C, T100~108°C CO
Pt/Al,O3 FSP NO oxidation 22 1.8~7.7/NA 220 conversion; [87]
70% NO conversion at 290°C
Tso=110°C, T100=120°C; CO
PY/TiO2 CO oxidation 1 2.47/5~25 64 reaction rate 0.13x107" mol s’
FSP Geat” [88]
PUTiIOz-Co CO oxidation 1 0.72/5~25 60 Teo=40°C, T10=70°C; CO reaction
rate 5.46x107" mol s™' geat
T100~100°C after 300°C
. e calcination;
Pt/TiO2 CO oxidation 1 1.2~5.45/NA 64 Tr00~200°C after 600°C
calcination;
FsP T100=~120°C after 300°C (89]
] - calcination;
PH/TiO2-N CO oxidation 1 1.34~4.29/NA 61 Troo=150°C after 600°C
calcination;
CuO[TiO: FSP CO oxidation 2~20 <4/15~20 70~98 Ts0~92°C, T100=120°C [90]
Ts0=70°C, T100=120°C; keep 90%
CuO/CeO: FSP CO oxidation 1~17 NA/25.6~32.8 39~54 conversion for 23h at 1.7% water [91]
vapor condition
Ts0~93°C, Teo=~131°C; keep 100%
CuO/Ce02-Mn FSP CO oxidation 15 NA/27~37 31~45 conversion for 9h at 1.7% water [60]
vapor condition
. CO oxidation at humid . _ _ Keep above 65% CO conversion
Hopcalite FSP atmosphere Mn:Cu=2:1 52-57 133~193 for 1h in 75% humidity at 50°C [92]
i . To~90°C at dry condition; Keep
Hopcalite Frsp O 021‘::;':&22”"“" Mn:Cu=2.1:1 5~10 111~178  above 50% CO conversion for thin  [93]
75% humidity at 50°C
LanABO; FSP CO, NO, QxHy_three- } 11~14 55~79 85% CQ, 60% NOO, 80% CiHy 194]
way oxidation conversion at 500°C
LaCoOs FSP CO oxidation - 6.14~9.39 23~95 T100=175°C [95]
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Lowest light-off temperature 280°C;

Pd/TiO2 FSP Methane combustion 53 10 NA 85% methane conversion at 600°C [96]
Ts0=182°C, T9=220°C; Keep above
CuO/TiO2 FSP Toluene combustion 2~50 4/15~22 51~99 90% toluene conversion for 10h at [97]
250°C
Ru/Si0-Al,03 FSP F'Scs';,f]'t'rggi‘;“h 3 5.4~7/18~22 133~243  37% CO conversion at 240°C [99]
Mo-Fo. Propylene oxidation to g g _ 90% propylene conversion, around
Bi-Mo-Fe-Co FSP acrolein and acrylic ~ /270%:224.8 5~30 52 40% acrolein and 50% acrylicacid  [100]
oxide . 8.8 L o
acid selectivity at 330°C
) Acetylene Au 0.82 ~ 45% C2H2 conversion, 96% C2Ha
Au-PdITiO, DFSP hydrogenation Pd 0.94 1~2117 104 celectivity at 40°C [101]
CoAl= 100% furfural conversion, 30%
Co-Al spinel FSP Furfural hydrogenation . 2.8~9 112~174  pentanediol, 60% tetrahydrofurfuryl [102]
0.22:1 L o
alcohol selectivity at 150°C after 8h
. Conversion of glucose - N _ 100% glucose conversion, 40%
Si02-Al20s to levulinic acid 0~100 49 180~478 o linic acid selectivity at 180°C
- - FSP . - 2 . [103]
Si02-Al,03- Conversion of glucose 0~100 6~35 58~268 100% glucose conversion, 42%
Phosphate to levulinic acid levulinic acid selectivity at 180°C

a.NA: Related data is not available; b. T,: Arrive X% reactant conversion at T, °C.

Table 2. Photocatalysts and electrocatalysts synthesized by flame aerosol processing in
the past three years

Structure
Catalyst Reactor Reaction Dop. cont. (wt% Pamde SSA Optimal Catalytic Performance Ref.
type or mol%) b (m?g")
(nm)
) . . 14.5% NO®* conversion, 0.175mmol/h gea rate
Ag-TiO2 FSP Nitrate reduction 0.1 21 61 at 5.11 pH under 200W Hg light [105]
PLTIO; FSP Steam reforming 05 1.3/10~25 70 NA [106]
methanol
0, 1 0,
Pd-TiO; FSP NOx removal 0.1 - 87 80% NO conversion, 50% average NOx [107]
removal efficiency in 5h under sunlight
) Methylene blue _ 70% methylene blue degradation efficiency
Ce-TiO; Fsp degradation 24 5~45 NA after 3h under 150W Xe lamp [108]
T Water splitting _ 112.6 ymol h™" H, production rate under
CuO-TiO2 FSP hydrogen 2 6~40 144 300W Xe lamp [110]
o : :
S-TiO, FSP Acetaldehyde 0.18~0.38 122~311 4.8~123 ©60% acetaldehyde degradation under six [111]
degradation F8T5 ww lamps
5 : -
N-TiO FSP  Phenol degradatoin - 688 1722 pO% phonol degradation under sk FETS WW  rgg
- : -
N-TiO; FSP  Phenol degradation 0.5~7 42~88 16~26 ﬁ%’)she"o' degradation under six FETS ww 144,
Water splitting " 41.18 umol g h™" H. production rate under
Pt-g-CaN4 FSP hydrogen 3 10~20 81.85 400 W RS lamp [59]
. . Keep H2:CO =1 with a current density of 40
ZnO FSP CO:z reduction - 16.8~21.6 NA mA cm? at 2.6V for 18h [117]
. 85% formate conversion with a current
SnO: FSP CO: reduction - 9~14 81~146 density of -23.7 mA cm? at =11 V [118]
PrBaCoz- Oxygen evolution ) » » 50 mV dec™' Tafel slope, 19.7 A g current
xFe2065 Fsp reaction 5-30 4356 density at 1.55 Vrue [120)
Oxygen evolution 2 .
LaCoFe.0;  FSP ] 0~60 Fe 6~7 Na 10 mAcmTcurrent density at 1.64 V [121]
EtOH oxidation 10 mA cm? current density at 1.58 V
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