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Abstract: Carbon and metal-oxide nanoparticles (NP) are currently synthesized worldwide for var-

ious applications in the solar-energy, optical, pharmaceutical, and biomedical industries, among 

many others. Gas phase methods comprise flame synthesis and flame spray pyrolysis (FSP), which 

provide high efficiency, low cost, and the possibility of large-scale applications. The variation of 

combustion operation parameters exerts significant effects on the properties of the NPs. An analysis 

of the latest research results relevant to NP flame synthesis can provide new insight into the opti-

mization of these methods and the development of these techniques for a large scale. This review 

offers insight into the current status of flame synthesis for carbon and metal-oxide NPs—specifically 

containing analysis and comparison of the most common carbon and metal-oxide NP production 

techniques. The burner configurations used at the laboratory scale and large scale are also discussed, 

followed by the assessment of the influence of combustion parameters on the properties of NPs. 

Finally, the features of the measurement techniques applied for determining NP properties were 

described. 

Keywords: carbon-nanoparticles; metal-oxide nanoparticles; flame synthesis; in-situ measurement 

methods; ex-situ measurement methods; equivalence ratio 

 

1. Introduction 

Nanoparticles (NP) are defined as those particles with a size lower than 100 nm [1], 

which are featured with a spherical shape and a composition of natural or artificial poly-

mers [2]. Among the entire group of elements that can compose a nanoparticle, carbon 

and metal-oxide (TiO2, SiO2, FexOy, AlxOy, etc.) molecules are most often found and stud-

ied, following their advantages in potential applications--their spherical shape and high 

surface area-to-volume ratio [2]. The following is a brief discussion of the abundance and 

applications of different NP, as well as the methods that yield them. 

Carbon nanoparticles (CNP) are identified with unusual mechanical, electrical, and 

chemical properties [3–5]. The most notable of these nanostructures are carbon nanotubes 

(CNT) and carbon nano-onions (CNO) [4]. CNTs provide an alternative to use for compo-

site materials reinforcement, fuel cells, Li-ion batteries, and hydrogen storage [3]. Because 

of their high specific surface area and electrical conductivity [6], CNOs have been consid-

ered for use in solar and fuel cells, solid lubricants, and catalytic materials. One concern 

regarding the synthesis of CNPs is their tendency to agglomerate [5]. Titanium-based na-

nomaterials have become essential in applications related to energy and water [7], because 

of their use as components for photovoltaic, photocatalytic, and electrochemical processes 

[7,8]. Synthesized TiO2 materials have four different phases: anatase, rutile, srilankite 

(TiO2-II) and brookite [8,9]. The most frequently used TiO2 NP is the Degussa P25, which 

is composed of 20% rutile and 80% anatase phases [9]. The anatase phase is characterized 
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by a low rate of charge recombination [9,10]; the rutile phase has strong thermodynamic 

stability [9], and it is one component of the white pigments [10]. The srilankite phase has 

been identified with an open crystal structure, metastable at high pressures [8]. Iron-based 

NPs offer functional magnetic properties and high chemical reactivity [11–13], including 

the possibility for use in magnetic resonance imaging, magnetorheological fluids, and mi-

crofluiding systems [12]. Their chemical reactivity also enables their use in lithium-ion 

batteries, and catalysis [12,13]. These NPs are commonly found in magnetite (Fe3O4), ma-

ghemite (γ-Fe2O3), and hematite phases (α-Fe2O3) [11–13]. The wustite phase (FeO) [12,13] 

has also been identified in these synthesized materials. 

Silica-based NPs are one of the most synthesized materials [14], widely used in the 

pharmaceutical and medical industries [15]. However, this particular use has been ques-

tioned recently since there is new evidence regarding the toxicity of this material [14]. 

Ceria-based nanoparticles are useful in biomedicine since they present properties similar 

to conventional antioxidant enzymes [16]. 

Tungsten-oxide nanoparticles are promising for the fabrication of photoelectrodes 

because they present high electron mobility and a bandgap satisfactory for this purpose 

[17]. Aluminum-based nanoparticles (Al2O3) have also been studied, and relevant features 

discovered, such as their crystal structure, phase transformations, and useful properties, 

such as thermodynamic stability [18]. These features are excellent for application in optics 

and electronics, in catalysis, and as adsorbent, coating, and abrasive materials [18]. Syn-

thesized Al2O3, with thermodynamic stability, is known as the corundum (α-Al2O3) [18]; 

however, metastable transition phases have been found in the production of these NPs, 

some of them are named γ-, η-, ρ-, θ-, δ-, χ-, and κ-Al2O3 [18]. 

Currently, the most synthesized NPs in use (also recognized as engineered nano-

materials (ENM) referring to a large scale [19]), are the carbon black, with an estimated 

production of 9.6 [millions of metric tons/year], followed by silica-based NPs whose pro-

duction was ranked at 1.5 millions of metric tons/year by 2010 [19]. By the same year, the 

United States synthesized nearly 50% of the world ENMs. The highest regional use of the 

ENMs in the automotive, electronics and optics, sensors and tires industries occurred in 

Asia, with a consumption of nearly 38% of the total use in each of the aforementioned 

industries [19]. In the cosmetics industry, the highest use of ENMs was registered in Eu-

rope, with 37% of the entire consumption of synthesized NPs [19]. In 2016, the global mar-

ket of ENMs was valued as USD 7.3 billion [20], and the exponential growth of this value 

per year was observed, in both pessimistic and optimistic scenarios [21]. 

Several processes and technologies are used for NP synthesis; these methods can be 

sorted into two main groups, top-down methods and bottom-up methods [1,22,23]. Top-

down techniques are based on the conversion of bulk material into smaller particles in the 

nanometer scale [22]. These methods are considered to be physical, and this category in-

cludes mechanical milling, laser ablation, arc-discharge, hydrothermal, sputtering, chem-

ical etching, and electro-explosion techniques. This approach also includes evaporation 

and condensation processes in macro-scale [1,22,23]. The bottom-up category involves 

those methods that begin formation of NPs from atoms and molecules [22]. This approach 

is comprised of chemical methods in the solid state (physical vapor deposition, chemical 

vapor deposition), in the liquid state (sol–gel methods, chemical reduction, solvothermal 

method), in the gas-phase (flame-spray pyrolysis, laser ablation, plasma or flame synthe-

sis), biological synthesis (bacteria, yeasts, fungi, algae, plants) and other techniques (pre-

cipitation, ultra-sound, microwave, etc.[22]). For carbon nanomaterials, the most conven-

tional method is chemical vapor deposition (CVD) [3,4,24–26], although there are other 

methods such as arc discharge and laser ablation [3,4,25,26]. Metal-oxide nanoparticles, 

including TiO2, SiO2, FexOy, and AlxOy, can be produced using the Stöber method [14] and 

precipitation [27]. Plasma or wall-heated reactors are also used as heater sources [8,28]. 

CVD processes are well known for their ability to produce large scale CNTs, high-

lighting the variation of floating catalysts CVD (FCCVD), and presented as an alternative 
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to synthesis, with control of nanoparticle production and process continuity and scalabil-

ity [26]. CVD’s are commonly used in the production of iron-oxide nanoparticles [11]. 

Shortcomings of the chemical methods include the difficulty in disposing of the residuals, 

and the impurity in the materials obtained, observed for Al2O3 production through pre-

cipitation (i.e., the Bayer process) [18]. Consequently, the particles produced by these tech-

niques require high temperature calcination treatment to increase their purity [27], and 

improve the crystallinity of the NPs obtained [17]. The effect of sintering causes these high 

temperature treatments to sacrifice their surface area [27]. Moreover, the secondary pro-

cess used for nanoparticle production increases the cost of synthesis. 

The gas-phase methods include flame synthesis and flame spray pyrolysis [13,14]. 

The use of these techniques for production of NPs allows control of operation parameters 

in order to obtain materials with specific properties [8,10,12,13]. Laminar flames are 

widely used in laboratory scale [8,10], and the configuration may be premixed or diffusive 

[8]. However, large-scale burners are used in the turbulent regime for mass particle pro-

duction [10]. As noted, combustion parameters influence the growth of the nanomaterials; 

this growth differs significantly from laminar to turbulent regimes in flames [10]. 

Flames based on hydrocarbon fuels represent a continuous carbon source, which—

in addition to the autothermal conditions in the flame—provides a more highly efficient 

process compared with CVD in the production of CNPs [3,24]. This process can also be 

performed with less expense, since low energy consumption and simpler devices are used 

[4]. Currently, the flame synthesis method is the main technique used worldwide for fab-

ricating titanium-based nanoparticles on a large scale [7]. 

In certain metal-oxides and carbon NPs, combustion operating parameters signifi-

cantly influence their properties (e.g., structural phase) [11,12,18], as shown in alumina 

NPs [18], and iron-oxide nanoparticles [13], with special consideration for the hematite 

phase [12] and the CNTs, where an analysis of the effects on their features from the sam-

pling substrate [3], and the fuel structure [4,25] were conducted. Turbulent flames also 

improved the production of NPs at a large scale. A performance analysis of the flame 

synthesis using this configuration in a smaller scale (lab-scale) proved remarkable [10]. 

This review offers a comparison of varieties of flame configurations on synthesis of 

carbon- and metal-based nanoparticles (NPs), followed by a description of the effect of 

operation parameters on the features of the particles produced, offering information re-

garding the properties of these materials and the operation conditions of the process used 

to achieve them. This work also analyses the in situ and ex situ measurement techniques 

for the materials obtained. 

2. Flame Configuration 

A flame provides thermal energy to evaporate particle precursors and initiate chem-

ical reactions that allow particles to grow. Various burners have been used to accommo-

date engineering needs (e.g., production of particles of different properties, ease of mod-

eling, ease of diagnostics, etc.). Usage, advantages, and disadvantages of different burners 

are examined as follows. Table 1 provides summarized information on the flame config-

urations used in studies of nanoparticle flame synthesis. 

Table 1. Summary of flame configurations and the burner geometry commonly used for the study 

of flame synthesis of carbon and metal-oxide nanoparticles. 

Flame configuration Burner geometry Produced nanoparticles Reference 

Premixed flames 
Bunsen CNPs [29] 

Multi-element diffusion burner SiO2 [30] 

Diffusion flames 

Normal/Inverse coflow 
FexOy [31] 

TiO2 [32] 

Normal coflow CNTs [33] 

Inverse coflow CNP—soot [34] 
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CNTs [35,36] 

Counterflow 
CNTs [33,37] 

FexOy; CNP—soot [38] 

Multi-element diffusion burner 
SiO2 [30] 

TiO2 [39] 

Flame spray pyrolysis 

(FSP)  

Diffusion atomizing burner 

Pt [40,41] 

AlxOy, ZrxOy, MnxOy, YSZ [42] 

AlxOy [43] 

Premixed atomizing burner 

NCMs [44] 

 Pt/TiO2 [45] 

 SiO2 [46] 

2.1. Premixed Flames 

In premixed Bunsen burner flames, gaseous fuel or a precursor mixes with an oxi-

dizer and fuel before burning (as shown in Figure 1a). Radial temperature profiles are 

uniform in premixed laminar flames. Varying the fuel stoichiometry in premixed flames 

can control the production of species in the post-flame region [29,47]. Premixed flames are 

subject to the risk of flashback, which occurs when the flame enters and propagates 

through the burner [48]. Flame arrestors and safety valves should be installed in the fuel 

lines to avoid flashback; pyrophoric fuels should be avoided to minimize the risk of flash-

back [30]. If pyrophoric fuels are studied, pressure should be reduced to minimize the 

formation and accumulation of particles within the burner tube [30]. However, in practical 

devices, mixers may be required for different degrees of premixing—increasing the com-

plexity of the devices [48]. 

 
(a) (b) (c) (d) (e) 

Figure 1. Flame configurations commonly used for flame synthesis process: (a) premixed flame, (b) 

normal diffusion flame, (c) counterflow diffusion flame, (d) multiple diffusion flames, (e) flame 

spray pyrolysis. 

2.2. Non-Premixed Diffusion Flames 

In non-premixed flames, the fuel/precursor and the oxidizer are fed separately into 

the reactor; this configuration eliminates the hazard of flashback in premixed flames and 

allows a wider range and operating conditions. However, unlike premixed flames, non-

premixed flames possess rather complex geometries. Decoupling the flame properties—

including temperature, equivalence ratio, products, and residence time—is challenging. 

Arranging the distribution of the fuel/oxidizer streams enables different diffusion 

flames (namely normal diffusion flames, inverse diffusion flames, and counterflow 

flames). 

2.2.1. Normal Diffusion Flames 

A co-annular burner, consisting of an inner fuel tube and a concentric outer oxidizer 

tube (Figure 1b), can produce a normal diffusion flame. As the fuel flows along the axis, 

it diffuses radially outward, while the oxidizer diffuses radially inward [48]. The fuel and 
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oxidizer react stoichiometrically in the narrow regions, forming flame zones. The radial 

temperature profile is typically annular-shaped, with high temperatures on the sides and 

low temperatures in the center. The fuel flow rate primarily controls the flame length 

[49,50]. Soot—an undesirable product in flame synthesis—forms on the fuel side of the 

reaction zone of hydrocarbon flames due to high temperatures; it is oxidized and con-

sumed as it travels downstream into an oxidation region. Soot can grow along the metal 

particle, forming a carbon layer; however, depending on the flame conditions, soot may 

break through the flame, forming a sooting or smoking flame. The flames, in general, have 

higher flame temperatures and produce nanoparticles with larger sizes [31,32]. For the 

same reason, this flame configuration is unsuitable for low melting temperature sub-

strates, e.g., silicon substrates with anode aluminum oxide nanotemplates [33]. 

2.2.2. Inverse Diffusion Flames 

Inverse diffusion flames and normal diffusion flames can share the same burner ge-

ometry. Unlike the latter, the inner tube supplies the oxidizer of inverse diffusion flames 

into a fuel reservoir. In inverse diffusion flames, polycyclic aromatic hydrocarbon (PAH) 

and soot form outside the reaction zone [51]. The flames contain low soot concentration 

[34], which is beneficial for the production of carbonaceous particles (e.g., carbon nano-

tubes (CNT)), as the competition from soot formation is minimal. Unrau et al. [35] re-

ported that using oxy-fuel inverse diffusion flames minimizes the contamination of amor-

phous carbon impurity. Carbonaceous particles form on the annular side of flames, avoid-

ing the particle oxidation and thermal defects induced by the flame high-temperature re-

gion [36,47]. This formation also facilitates the external collection of the particles [35]. Due 

to lower flame temperatures, inverse diffusion flames may produce smaller nanoparticles 

than normal diffusion flames [31,32]. 

2.2.3. Counterflow Diffusion Flames 

Counterflow diffusion flames employ two opposing jets of fuel and oxidizer (Figure 

1c). A stagnation plane formed when the axial velocity equals zero creates two distinctive 

regions, fuel-rich and fuel-lean, on the fuel and the oxidizer sides. The flame forms on the 

oxidizer side of the plane. The flames are used mainly in fundamental research because 

they approximate a one-dimensional character, making measurements and calculations 

much more practical [48,52]. The one-dimensionality of the flames also gives flexibility in 

adjusting the spatial gradient of temperature and reactant concentration [38], enabling a 

fundamental study of the effects of temperature, catalytic substrate positioning, and gas-

phase composition on synthesis processes [47]. In addition, the flames allow minimum 

flame-substrate interaction, facilitating specific particle production processes. For exam-

ple, Li et al. used silicon substrates with anode aluminum oxide nanotemplates, sensitive 

to temperature change, in a counterflow flame to produce well-aligned, size-controllable 

CNTs [33]. The synthesis zone of CNTs is on the fuel side near the flame edge due to the 

closer supply of carbon. Nanoparticle synthesis in counterflow flames is also affected by 

the strain rate, which affects the amount of carbon supply and residence time. A counter-

flow flame with a high strain rate would have more carbon sources but a shorter residence 

time. However, the availability of carbon sources explains the effect of strain rate on the 

growth of carbonaceous particles, as opposed to residence time [37]. Thus, although they 

have a shorter residence time, flames with higher strain rates produce more carbonaceous 

particles. 

2.2.4. Multiple Diffusion Flames 

A multi-element diffusion flame burner (MEDB), commonly known as a Hencken 

Burner, generates multiple-diffusion flames [30,53]. The burner comprises an array of hy-

podermic needles within a honeycomb [30] (Figure 1d). The fuel flows though the needles, 

and the oxidizer flows through the surrounding open cells, generating multiple small, 
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tightly spaced diffusion flames. The flames share the advantages of both premixed and 

non-premixed flames, which are beneficial for the production of nanomaterials. First, uni-

form temperature and species profiles can be obtained downstream of the flames [39]. 

Second, as fuel and oxidizer are initially separated, flashback is avoided, as well as un-

wanted reactions before the flame [39], enabling a wider range of operation and allowing 

the use of pyrophoric fuels. 

2.3. Flame Spray Pyrolysis 

Flame spray pyrolysis (FSP), mainly used for synthesizing metal oxides [54], refers 

to a combustion process in which a precursor is in liquid form (a mixture of metal precur-

sor, e.g., nitrates, and organic solvent, e.g., ethanol) and contributes more than 50% of the 

total energy of combustion [43]. The liquid is atomized and conveyed by the central noz-

zle, surrounded by a coflowing oxidizer. An external flame is required to provide a heat 

source to evaporate and ignite the liquid precursor [44,46] (Figure 1e). Because the liquid 

precursor is highly exothermic, the resultant flame is self-sustaining [54] and has a high 

temperature [44]. Induced by the entrainment of the surrounding oxidizer, FSP is also 

characterized by short residence time and steep temperature gradients [45], with rapid 

cooling of several hundred K cm��  [54]. These factors yield highly homogeneous and 

crystalline nanomaterials [46]. 

The composition of liquid precursors can control the morphology of nanoparticles. 

Karthikeyan et al. [42] showed that nitrate precursors produced crystalline and dense na-

noparticles. The use of organometallic precursors can also improve the homogeneity and 

provide smaller grain size distribution [42]. The oxidizer flow rate is also influential in the 

morphology of nanoparticles. For small, non-agglomerated particles, the oxidizer flow 

rate should be high for sufficient mixing, whereas, for larger particles, a reduced oxidizer 

must be used for a flame with a longer length and residence time [40,41]. 

3. Effect of Operation Conditions in Combustion 

Table 2 summarizes the analyzed combustion parameters in recent studies involving 

the production of NPs through flame synthesis, providing information on the flame con-

figuration, the type of synthesized NP, and the affected particle properties in each study. 

Table 2. Comparison of the combustion parameters analyzed in nanoparticles flame-synthesis, con-

sidering the influence over the particle properties. 

Combustion parameter Flame configuration Produced NP Particle properties Reference 

Equivalence ratio 

Premixed flame 
SiO2 

Number density, particle 

size,  
[15] 

TiO2 Morphology [55] 

Flame spray pyrolysis 
FexOy 

Number density, struc-

tural phase composition 
[13] 

Particle size, structural 

phase composition 
[12] 

AlxOy Particle size  [18] 

Stoichiometric mixture fraction Diffusion flame 

CNP—soot Number density 

[56] 
FexOy 

Structural phase compo-

sition 

Flame temperature Premixed flame 

CNP 
Particle size, mass yield, 

morphology 
[57,58] 

CNT Morphology [26] 

TiO2 
Structural phase compo-

sition 
[10,59] 
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SiO2 
Structural phase compo-

sition 
[15] 

FexOy Mass yield [60] 

Diffusion flame 
FexOy 

Particle size, structural 

phase composition 
[56] 

SiO2, TiO2 Particle size [61] 

Flame spray pyrolysis 

SiO2 Morphology [14] 

FexOy 
Morphology, structural 

phase composition 
[18] 

 LixTiyOz Morphology [62] 

Fuel type and precursors 

Diffusion flame CNP—soot Number density [25] 

Flame spray pyrolysis 
FexOy 

Morphology [12] 

Particle size, number 

density 
[18] 

Number density [13] 

LixTiyOz Morphology [62] 

Residence time 

Premixed flame 
TiO2 

Particle size, structural 

phase composition 
[8] 

Morphology, structural 

phase composition 
[10] 

CNT Morphology [26] 

Flame spray pyrolysis FexOy 

Morphology, structural 

phase composition 
[18] 

Particle size [12] 

Structural phase compo-

sition 
[13] 

Substrate material Diffusion flame 
CNT 

Number density [25] 

Morphology, number 

density 
[3] 

FexOy Number density [11] 

Flame configuration 

Diffusion flame CNT 

Particle size 

[25] 

Premixed flame SiO2 [15] 

Flame spray pyrolysis 

LixTiyOz [62] 

Perovskites (FexOy) [27] 

AlxOy [18] 

3.1. Equivalence Ratio in the Flame 

The equivalence ratio (φ) is defined as the ratio of the flow rates of fuel and oxidizer 

applied in the real process, divided by the same ratio at stoichiometric conditions [63,64]. 

This ratio helps to determine whether the fuel and the oxidizer supplied for the combus-

tion process are under conditions of lean (excess of oxidizer, φ<1), rich mixtures (excess 

of fuel, φ>1), or under stoichiometric conditions (φ=1). This ratio varies with the change 

in the flow rate of the oxygen and fuel streams [18].  

For the determination of combustion performance, this factor is the most relevant in 

the many processes and devices that use it [48]. In combustion processes, the reactor re-

leases heat, which can be expressed as the enthalpy of reaction (with the same magnitude 

as the enthalpy of combustion), which varies with the amount of fuel and oxidizer pro-

vided in the reaction—and consequently is a function of φ [48]. Furthermore, with the 

correct assumptions and applying the concept of the first law of thermodynamics, the en-

thalpy of the reactants at the initial state is equal to that of the products at the final state, 
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featured with the adiabatic flame temperature [48]. Henceforth, the equivalence ratio ex-

erts a remarkable effect over both the enthalpy of combustion and the flame temperature, 

as evidenced in previous studies on flame synthesis of nanoparticles [10,18,26]. 

It is possible to control the yield of produced nanoparticles with the variation of φ by 

considering a negative correlation since oxygen availability dominates the main chemical 

reaction [15]. The higher amount of oxygen in the synthesis increases the efficiency of the 

oxidation of precursors and solvents [13]. 

Particle size can be controlled by changing the values of φ with a positive correlation 

in flame synthesis [15,18]. Figure 2 exhibits this correlation for iron-oxide NPs, measured 

in the study of Sorvali et al. [12]. Furthermore, at values of φ larger than one, the interme-

diate species in the formation pathway of NPs are identified as oxygen deficient. Conse-

quently, the particles at the end of the synthesis have a high concentration of oxygen va-

cancies (OVs), resulting in amorphous structures [55]. 

 

Figure 2. Primary particle sizes of iron-oxide NPs, measured from the micrographs obtained 

through the application of the transmission electron microscopy (TEM), as a function of the equiv-

alence ratio [12].  

The oxygen availability is also a relevant feature in the phase composition of parti-

cles, demonstrated in iron-oxide NPs by the reduction of magnetite and the rise in hema-

tite content in the materials produced by the decrease in φ [13]. Sorvali et al. [12] demon-

strated the strong effect of φ on the maghemite content in synthesized iron-oxide NPs, 

regardless of the type of alcohol used as a solvent for the precursor solution (Figure 3). 

 

Figure 3. Mass content of the maghemite phase in flame-synthesized iron-oxide NPs as a function 

of φ, using different alcohols for the precursor solution [12]. 
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3.2. Effect of Stoichiometric Mixture Fraction 

The stoichiometric mixture fraction, Zst, represents the mass fractions of products 

from the combustion reaction, based on the fuel stream, at the location of complete theo-

retical combustion. The value of Zst increases at higher oxygen concentrations in the oxi-

dizer stream of a diffusion flame configuration [56].  

The flame temperature correlates positively with Zst; consequently, this parameter 

exerts influence over the flame structure, which associates the distribution of chemical 

species present in the combustion process with the temperature field in the flame. There-

fore, Zst also rules the flame shape [56]. Another feature influenced by this fraction in a 

diffusion flame is the local atomic carbon-to-oxygen ratio (C/O), which indicates the po-

tential of oxide formation in the combustion process. Metal oxides with more oxygen at-

oms are formed at smaller C/O ratios, while flames with larger C/O ratios synthesize more 

reduced oxides [56].  

The relations described above explain the effects on the synthesis of nanoparticles. 

At first, higher values of Zst in the flame partially suppress the soot formation in hydro-

carbon flames, which is convenient for synthesizing metal-oxide NPs [56]. Moreover, the 

Zst may influence the structural phase composition in NPs, as shown by the formation of 

iron-oxide NPs, where particles with higher magnetite content were obtained when Zst 

increased [56]. 

3.3. Effect of Flame Temperature 

The flame temperature can be affected by the equivalence ratio (φ) in premixed 

flames and the stoichiometric mixture fraction (Zst) in diffusion flames, as discussed in 

Sections 2.1. and 2.2., respectively. Moreover, the addition of diluent gases (e.g., Ar, N2, 

CO2) in a burner and the variation in their flow rates enables the control of the temperature 

field in the flame [65]. In normal diffusion flames, the reduction of flame temperature is 

demonstrated by the increase in the velocity of the oxidizer stream, raising the flow rate 

of cold gases [61], while the increase in the flow rate of the fuel stream supplies higher 

enthalpies, producing higher flame temperatures [61]. Moreover, the addition of metal-

oxide NP precursors also influences this parameter [60] since these are involved in the 

combustion kinetics, acting as catalysts with OH and H radicals, demonstrated in the syn-

thesis of iron-oxide NPs [60].  

An increase in the flame temperature reduces the particle size of CNPs [57]. The par-

ticle formation of CNPs in flames explains this behavior. Figure 4 exhibits a common par-

ticle formation pathway of the flame synthesis process [66], suitable for discussing the 

evolution of flame-made nanoparticles passing through the flame. The nucleation mode 

takes place as a single mode from the base of the burner until a particular value of HAB, 

where the size growth mode (particle coagulation and aggregation) starts and converts 

the formation process as bimodal [57,58]. As the temperature increases, the HAB limit for 

the nucleation mode moves towards higher HABs, suppressing the size growth modes of 

CNPs [57,58]. Moreover, CNPs precursors, such as the PAHs, decompose at high flame 

temperatures [57,58]. The temperature effect is different for the metal-oxide NPs since this 

size correlates positively with the flame temperature [56,61]. The positive correlation of 

the crystal growth rates, particle sintering, and particle collision with the flame tempera-

ture justify this behavior [56,61]. Low temperatures increase the time required for sinter-

ing and decrease particle collision, leading to lower particle growth rates [61]. Enhanced 

sintering provides high yields of larger spherical particles [61]. The sintering process is 

different among the produced metal-based NPs, based on the temperature required for 

the total coalescence of particles in flame synthesis [61]. As a comparison, titanium-based 

NPs require lower temperatures for this coalescence, hence obtaining larger particle sizes 

than silica NPs [61]. 

High-temperature zones in the flame are responsible for the reduction in the mass 

concentration of flame-made NPs, [57,60] due to the oxidation of the formed particles at 
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the initial stage [60] and the suppression of the surface growth mechanisms at high tem-

peratures [57]. However, particle-particle coagulation dominates the number density of 

soot particles. This coagulation process faces thermodynamic reversibility at high temper-

atures. Therefore, the number density of soot particles is nearly constant. Instead, particle 

residence time mainly affects this number density [57]. 

In terms of the morphology of particles, higher temperatures increase the size of the 

undisturbed lattices [58] and decrease the atomic hydrogen content [57,58]. This last con-

tent (also expressed as the H/C ratio in the produced CNPs) leads to a lower susceptibility 

to oxidation [57]. These facts demonstrate fewer disordered structures in the CNPs syn-

thesized at higher temperatures, which are noticed for particles with constant size [58]. 

Since the temperature variation dominates the sintering process, temperature also gov-

erns the surface area of the obtained particles, demonstrated by the reduced area from 

decreased temperature [18]. Because this is linked with the combustion enthalpy, it is cru-

cial for forming homogeneous particles [26,62]. Lower values of temperature and enthalpy 

in the flame enhance a lower degree of sinter neck formation, producing more fused na-

noparticles [14,18]. 

 

Figure 4. A common pathway of particle formation in flame synthesis processes, as the molecules 

pass through the flame flow field [66]. Reproduced with permission from Roller, J. et al., Journal of 

Power Sources; published by Elsevier, 2014. 

The stability of the structural phases of nanoparticles varies with the temperature in 

the flame synthesis process. Therefore, the phase transformations occur at high flame tem-

perature increase [15,18]. Moreover, this stability is also ruled by the particle size in both 

phases, evident in titanium-oxide NPs since the anatase phase is more stable at smaller 

sizes [10,59], and rutile phase stability improves at larger sizes [59]. Temperature also 

plays a relevant role in the alumina-based NPs, with the increase of θ-alumina and the 

reduction of η-alumina phases caused by a temperature increase in the flame [18]. These 

two phases are related because at higher temperatures, the γ and η-alumina phases trans-

formed into δ-alumina, which under long residence times consequently turned into θ-

alumina [18].In iron-based NPs, Fe(III) is almost the unique component at relatively low 

flame temperatures [56]. This decrease as the temperature rise, leading to a higher content 

of Fe(II) in the produced material. The increase in the Fe (II) produces higher contents of 

the magnetite phase [56].  

3.4. Effect of Fuel Type and Precursors 

In a combustion process, the heat released also depends on the type of fuel supplied 

to the burner. Each fuel has a unique heating value, also known as the enthalpy of com-

bustion [48]. Precursors must be added to the reaction to synthesize nanoparticles because 

they contain the metal components that are oxidized to form these materials--excluding 

the carbon nanostructures. These precursors can be added to the fuel stream as a solution, 

considering the main precursor as the solute (e.g., TMS for SiO2 and TTIP for TiO2) and 
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the use of alcohols as solvents [18]. This solution plays a relevant role in the enthalpy of 

the reaction [18]. However, this effect is not present in the Hencken burner configuration 

since the contribution of the combustion heat from the solvents to the flame enthalpy is 

low [67]. 

A high solvent boiling point makes possible the formation of homogeneous particles 

[12,62]. The increase in the precursor feed rate also raises the total number concentration 

of flame-synthesized particles [13,18] and shifts their distribution to smaller sizes [18]. 

Low precursor flow rates produce fuel-lean combustion, leading to incomplete oxidation 

of the components caused by low temperatures [13].  

Since the most common fuels applied in combustion devices are hydrocarbons 

(CxHy), these are used as precursors in synthesizing CNPs. The higher number of carbon 

atoms in the fuel, and the presence of C=C double bonds in the hydrocarbon molecule, 

accelerate soot formation [25], leading to a much higher amount of soot, as observed in 

the flame synthesis process using ethylene and compared with the yield obtained in me-

thane flames [25]. 

3.5. Effect of Residence Time 

Residence time is defined as the time that particles and molecules last in the reaction 

zone (bounded by the flame), and can be quantified as the mass of the entire mixture, 

which is the density of the mixture multiplied by the volume of the reaction zone, and 

divided by the overall mass flow rate passing through the reactor [48]. The mass flow rates 

of gases supplied to the burner determine this parameter, also modifying the gas velocity 

in the process. The residence time increases with the reduction in the carrier gas or oxi-

dizer gas flow rates in the combustion process [13,18]. In the case of a premixed flame, the 

equivalence ratio plays a relevant role at this time, since a linear influence from φ over the 

flame height has been shown [12,18] which is more remarkable at low values of carrier 

gas flow velocity [26]. Additionally, at the same values of φ, the increase in the gas velocity 

increases the flame height and the particle residence time in the high-temperature zone 

[12]. The effect from the type of fuel has also been noted, since a higher amount of carbon 

atoms in the fuel molecules produces a higher residence time in the particles in the flame 

[10]. 

The particle size of flame-synthesized nanoparticles is inversely dependent on the 

velocity of the premixture issuing from the burner and, therefore, the residence time in 

the synthesis flow field [8,12]. This time is one of the factors governing the sintering pro-

cess, thus affecting the surface area of the synthesized materials, described as an inverse 

correlation [10,18]. Furthermore, this time influences the yield of particles with homoge-

neous structures --with a positive correlation--as evidenced in the production of CNTs 

through the ��/�� ratio [26]. However, it is suggested that to effectively carry out precursor 

decomposition and solvent combustion, droplet size, and oxidant availability are more 

relevant than increased residence time [13]. 

Nevertheless, at short residence times in the flame high-temperature region (which 

can be caused by the use of low precursor flow rates), the phase transition in nanoparticles 

is a kinetically limited transformation process (as demonstrated in alumina NPs [18]) since 

the residence time to carry out a complete conversion of droplets is minimal [13]. This 

effect is also notable for titanium-based NPs. As the residence time decreases, the rutile 

yield shrinks, and the srilankite content grows [8]. The increase in anatase content can be 

explained by a longer residence time in the high-temperature region at a low precursor 

flow rate [10]; if this time increases, the anatase content mutates to the rutile phase [10]. 

3.6. Effect of Substrate Materials 

Substrates are components in the flame synthesis setup where the nanoparticles are 

deposited after they are formed [25]. These substrates can also carry catalysts to improve 

the reaction performance [26]. The choice of material for the substrate may affect the syn-

thesis process in terms of purity and crystallinity [3]. The effect of the substrate material 
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arises from three factors linked to their properties [3]. One is the melting point because 

materials with a lower melting point enable an active state in the substrate, allowing the 

dissolution of the NPs formed in the substrate and improving their nucleation and growth 

[3]. Potential oxidation of the elements that compose the substrate is another relevant fac-

tor since an oxidizer is essential in the flame synthesis process, and this oxidation inhibits 

nucleation and growth of NPs [3]. Finally, the substrates with an open spatial configura-

tion permit oxidation of the synthesized NPs, compared with those with a closed space—

such as the foam; this is undesirable for some types of nanoparticles (e.g., CNPs [3]). The 

last factor also affects the morphology of the material obtained, since a closed space can 

cause disordered structures [3]. This spatial configuration also determines the yield of the 

synthesis, considering the deposition of NPs as a coating over the substrates. Evidence of 

deactivation of the catalysts was present in this substrate after its complete encapsulation 

by the formed NPs [11,25]. 

3.7. Effect of the Flame Configuration 

This configuration exerts a notable influence over particle size distribution in the ob-

tained particles, regardless of the operation parameters in the combustion process, and 

observed in Figure 5, where the interval of the size distribution of NPs obtained through 

laminar flames is compared with that obtained using the flame spray pyrolysis process. 

These intervals were obtained from the measured size distributions, using TEM 

[15,18,25,27,62] extracted through the full-width at half-maximum method (FWHM), 

which is applied to Gaussian peaks using several measurement techniques [6,13]. Note 

the larger flame sizes (obtained in laminar (premixed and diffusion)) than those measured 

in particles synthesized through flame spray pyrolysis (FSP). The gas-to-particle for-

mation route governs the synthesis process in the FSP reactors, which leads to small par-

ticle sizes [18]. However, because the FSP configuration operates with short residence 

times [45], it enables the production of NPs with smaller particles than those obtained 

through laminar flames, confirming the effect of residence time over particle size (see Sec-

tion 3.5.). 

 

Figure 5. Comparison of particle size distribution obtained for carbon nanotubes (CNTs) [25], silica 

nanoparticles (SiO2) [15], Li4Ti5O12 (LTO) [62], perovskites with added iron particles [27], and alu-

mina NPs [18].  
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4. Measurement Techniques 

The following section introduces the most common methods used to characterize 

flame-synthesized nanoparticles. The section has two subsections: ex situ and in situ 

measurement techniques. Ex-situ measurements require sample extraction from the reac-

tion or post-flame regions, whereas in-situ measurement techniques are carried out within 

the flame flow field.  

4.1. Particle Collection and Preparation of Samples 

Ex-situ measurement techniques generally use two particle collection methods [13]. 

One is the particle sampling from the reactor filter, and the other can be performed with 

a steel mesh placed downstream of the reactor [13]. Both forms of sampling are known as 

non-intrusive, and may become intrusive when the mesh is placed inside the flame zone. 

Studies focused on the synthesis of CNPs collected the samples mostly using the mesh 

method [3,4], while the metal-oxides NPs produced at lab scale and assisted by flame were 

taken more often by the filter technique [10,16,18]. Carvajal et al. assessed both techniques 

for collecting iron-oxide NPs [13], showing agreement in sizes for both samples (although 

there was a notable improvement in the dispersion of the particles for the mesh method-

ology, making it possible to measure individual particle diameters). This improvement 

was made possible by sampling with the mesh for 1 min, thus obtaining a sub-monolayer 

of dispersed particles [13].  

Partial particle fusion may produce the agglomeration of particles during the flame 

deposition process [68]. For the measurement of individual particles, the materials ob-

tained can be immersed in an ethanol solution [3,12,14,24,25], or diluted in Milli-Q water 

[68], then sonicated and placed on a grid of holey carbon [24] or copper [3,14,25,68]; fi-

nally, these samples are dried. Homogenization or ball milling can improve the dispersion 

of particles [68]. The strongly negative surface charge of the CNP enhances the dispersion 

stability via electrostatic repulsion [68].  

The samples can also be prepared directly from the flame reactor via thermophoresis 

[62]. This technique is the principle of a cold wall located in the flow field of a gas that 

carries the synthesized particles, surrounded by a temperature gradient [69]. Here, the 

flame temperature generates the gradient [69]. This principle states that the exposure time 

of the probe should be short enough to hold the low temperature on the surface for the 

produced particles and long enough to gain a significant amount of material from the 

flame [69]. The samples collected through this method have been analyzed using imaging 

techniques [69–71].  

Moreover, the synthesized CNPs can be coated with a gold or platinum layer with a 

thickness of less than 10 nm [24,68], which enhances the appearance of the amorphous 

carbon layer (ACL) and makes the layer between the CNT forest and the ACL much more 

distinct [24], also producing a high-resolution image and reduction of surface charging 

[68]. This coating is applied for the performance of the field emission scanning electron 

microscopy (FESEM) technique. 

4.2. Ex-Situ Measurement Techniques 

4.2.1. Imaging Techniques—Electron Microscopy 

The following imaging techniques are based on the interaction of electrons with the 

sample. To better comprehend these methods, a brief explanation of the mechanisms that 

govern these interactions follows. Electrons that target the sample and follow an individ-

ual trajectory over it are the primary electrons [72]. Due to the high kinetic energy of the 

incident primary electrons, secondary electrons (SE) come off the surface of the sample 

[72]. The primary electrons scattered in angles between 90 and 180 degrees are known as 

backscattered electrons (BSE) [72]. When a primary electron knocks out an electron of an 

atom, an electron from a higher energy state subsequently fills the vacancy, generating an 

X-ray [72,73]. 
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Primary electrons interacting with the matter may have experienced elastic or inelas-

tic scattering; the former occurs when there is no energy loss in the incident primary elec-

trons. In addition—although the direction of scattered electrons may change—their wave-

length remains unchanged [72]. In contrast, the latter occurs when interactions cause en-

ergy loss in the incident primary electrons. Due to the energy loss, the scattered electrons 

have a longer wavelength than the incident primary electrons [72]. The properties dis-

cussed above can be used to characterize materials.  

The advantages of electron microscopy include a high resolution in the obtained im-

ages [72], which can vary depending on the selected technique [72]. These also include the 

range of magnification, among [10–500,000] × for scanning electron microscopy and [2000–

1,000,000] × for transmission electron microscopy [72]. The use of an electron beam is an-

other advantage since their interactions with the sample atoms provide information about 

the structural and chemical properties of the materials [72].  

The disadvantages that accompany these techniques include electron-optical aberra-

tions in the image formation, which limit the resolution of the image obtained [74]. The 

spherical aberration results from the inhomogeneity of the lens field over the rays in the 

off-axis [74]. Chromatic aberration occurs from the variation of the focal length of the elec-

trons according to their energy [74]. Astigmatism is caused by a lack of symmetry in the 

lens, in its cylindrical shape, causing the intersection of the beams in different image 

planes [74]. Another disadvantage is the inherent interaction of electrons with air mole-

cules, causing some of them to scatter on their way to the sample [72]; this can be solved 

by ensuring a vacuum environment in the sample, which can be low (0.1–10−4 Pa) or high 

(10−4–10−7 Pa) [72]. However, this environment can change the nature of samples with high 

vapor pressures by releasing water and volatile content [72]. The applied energy for the 

electron beam over the samples may cause some changes in the sample at the atomic level 

[72]. This is the case in Raman spectroscopy, where very low laser power prevents phase 

changes during measurements [12]. The introduction of electron-based techniques—in-

cluding TEM and SEM—follows. 

Transmission Electron Microscopy (TEM) 

This technique enables the measurement of the morphology, structure, and chemis-

try of particles on a nanometric scale [75]. The electron beam, accelerated by an electron 

gun with a voltage between 80 and 300 kV [8,10,14,24,68,72], is spread and applied over a 

selected specimen area, and the transmitted electrons are collected by a detector located 

below the specimen, forming an image. A lower energy (i.e., <100 kV) should be used for 

lighter elements such as carbon to minimize specimen damages. The magnification of 

TEM ranges from 2 kX to 1000 kX.  

Various operation modes have been developed to maximize the information ob-

tained from the specimen. Bright-field (BF) imaging is the most common TEM mode. As 

noted, electrons may scatter as they pass through the specimen, and microstructural fea-

tures promote this scattering, such as increased thickness, increased mass, and grain 

boundaries. The capture of unscattered electrons forms a BF image, and the free scattered 

electrons produce a darker contrast in a BF image. On the other hand, capturing the scat-

tered electrons forms a dark field (DF) image. DF imaging maps regions of the specimen 

that generate electron scattering. Electrons incoherently scattered at very high angles are 

also collected and form high angle annular dark field images (HAADF), which show 

strong contrast changes due to changes in atomic mass. This can be used to analyze the 

chemical composition of specimens [55,72]. 

To generate meaningful images of high magnification, i.e., >400 kX, high-resolution 

TEM (HRTEM) is required [7,10,55,62]. This method requires that the specimens be ul-

trathin, i.e., in the order of 100 nm thickness or less. In this condition, electrons interacting 

with the crystal lattice diffract, forming interference patterns corresponding to atom posi-

tions. As a result, the lattice spacing of specimens, which can be used to identify the chem-
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ical composition, e.g., graphitization of carbon [10,62,76], is visible. Wu et al. [55] investi-

gated the morphology of titania nanoparticles using the HRTEM (as shown in Figure 6c), 

where a well-ordered core contrasted with the disordered layer found at the surface of 

these NPs. 

Another technique associated with TEM is the selected area electron diffraction 

(SAED), which provides information about the nanostructure of the specimen. The tech-

nique employs the principle of Bragg’s law, which gives the condition for constructive 

interference when incident electrons diffract from the atomic spacing of a specimen. As a 

result, a diffraction pattern (which could be bright spots or rings) is formed and imaged 

[77]. Measurements of the distance between spots/rings, their origin, and intensities pro-

vide the lattice spacing and the crystallinity of the specimen. Hong et al. [11] applied this 

method for the detection of structural phases in the iron-oxide NPs produced (as exhibited 

in Figure 6f), where the pattern obtained matched the features of the hematite phase. 

SAED is similar to X-ray diffraction, except that SAED is conducted within TEM, enabling 

the examination of nanoscale areas. 

Over the years, variants of TEM have been developed to satisfy various require-

ments. To obtain images with better contrast and improved elemental maps, energy-fil-

tered TEM (EFTEM), which allows electrons of specific energy to be detected, can be used 

[7,77]. Ismail et al. [7] confirmed the silica coating in titanium-based NPs using this tech-

nique and located the distribution of oxygen and titanium elements in the sample. Envi-

ronmental TEM (ETEM) also allows the evolution of a particle under various conditions 

to be observed in real time, enhancing understanding of the effect of the surroundings on 

particle growth. 

TEM images are post-processed with software to obtain more specific information 

(e.g., particle sizes and lattice spacing [4,18]). Figure (e displays particle size distribution 

obtained from a TEM image of alumina NPs (Figure 6d), where small particle sizes dom-

inate, demonstrating that the gas-to-particle formation governs the synthesis of these par-

ticles [18]. However, analyses using TEM images often suffer from user bias, as users tend 

to select large particles or obvious targets. Moreover, as observed by Ismail et al. [10], each 

nanoparticle possesses its unique crystal orientation for titanium-based NPs, and disper-

sion in the measured sizes can occur from the different trajectories that the particles take 

in the flame flow field, as shown in the synthesis of alumina NPs [18]. Thus, to obtain 

statistically significant results, a minimum of eight TEM images and five hundred parti-

cles [15] are recommended. 

Scanning Electron Microscopy (SEM) 

SEM is useful for the analysis of the sample surface. The incident beam of electrons 

is concentrated in one point over the surface of the specimen; this point is then moved 

uniformly over the entire surface [72,78,79]. Unlike TEM, electrons in SEM possess low 

energy, with accelerating voltage ranging from 1 to 30 kV [4,17,72,78]. The magnification 

of SEM can range from 10 to 500 kX. Detecting secondary electron emission forms SEM 

images when the incident electrons hit the specimen, revealing the surface topography of 

the nanoparticles [11,25,26,80]. 

Because of the limitations of the electron source of SEM, its effective spatial resolution 

is around 10 nm [72]. Field emission SEM (FESEM) generates electrons using the field 

emission concept, which is recommended to achieve a higher resolution [79]. FESEM is 

widely used to analyze the morphology and size of flame-synthesized nanoparticles 

[3,4,9,13,24,55,68,76]. Wu et al. [55] determined the particle sizes of titania NPs between 

10–20 nm and proved their agglomeration using this technique, as seen in Figure 6a. Ultra-

high resolution, i.e., 0.5 to 2 nm, can be achieved by helium ion microscopy (HIM) [81]. 

Using helium ions, which have higher brightness and a larger momentum than electrons, 

images of a higher resolution with a larger depth of field can be achieved [82]. HIM pro-

vided images of flame-generated nanoparticles with a size of less than 2 nm [83,84]. 
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Figure 6. (a) FESEM, (b) TEM, (c) HRTEM techniques, for analysis of morphology of titanium-based 

NPs [55], reproduced with permission from Wu, S., et al., Small Methods; published by Wiley 

Online Library, 2020. (d) TEM image of flame-synthesized alumina nanoparticles [18], and (e) its 

size distribution, where d�� is mean particle size and σ� is geometric standard deviation [18], Re-

produced with permission from Okonkwo, O., et al., Journal of the American Ceramic Society; pub-

lished by The American Ceramic Society, 2021. (f) TEM image of iron-oxide NPs, including SAED 

pattern at the top-left position for detection of hematite phase [11], reproduced with permission 

from Hong, H., et al., Proceedings of the Combustion Institute; published by Elsevier, 2019. 

Along with SEs, A SEM microscope can also detect the BSE signal, and BSE images 

are formed, providing information about the chemical composition of specimens. Because 

the BSE signal is proportional to the atomic number of an element, the brighter areas of a 

BSE image represent heavier elements. Assessing the contrast of BSE images provided the 

distribution of two or more phases with significantly different atomic masses.  

All materials emit X-rays when bombarded by incident electrons. X-rays of different 

energies are collected to form an energy-dispersive X-ray (EDX) spectrum [72]. Since each 

element has its unique EDX spectrum, the elemental components of specimens can be 

identified [17,24,68,80]. Han et al. [80] obtained an elemental mapping of synthesized 

CNTs which contained iron-oxide NPs, proving a higher concentration of iron at the tip 

of the CNTs, and a more uniform distribution of carbon along this structure. 

Atomic Force Microscopy (AFM) 

AFM is a technique used for characterizing material surfaces. A probing tip is at-

tached to a cantilever-type spring, which deflects in response to the force between the 

probing tip and the sample surface. A deflection sensor records the motions from the or-

der of 10�� to 10��� m [85]. The sample is scanned relative to the probing tip, obtaining 

a high-resolution, three-dimensional image containing surface features on an atomic scale. 

Because of the tiny force between the probing tip and the sample, i.e., from 10��� to 10�� 

N, the structure of molecules (e.g., the order of 10�� N for a covalent bond) can hardly be 

destroyed [85]. Thus, the technique is considered non-destructive. Unlike its precursor, 

scanning tunnel microscopy (STM), AFM is also useful for non-conductive materials [85]. 

Because of its versatility, AFM has been widely used in nanoparticle research to re-

veal the three-dimensional topological map of nanoparticles. Like other imaging tech-

niques, AFM gives information on the morphology of nanoparticles, i.e., the degree of 

aggregation and the change in shape and size [86–90]. The size distributions obtained by 

AFM are consistent with techniques such as TEM and dynamic light scattering (DLS) [91]. 

In addition, AFM can determine the size distribution of mixed samples of different parti-

cle sizes [91]. Because of its three-dimensional feature, AFM also gives the measurement 
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of particle heights [86,88,90], which is remarkable because it provides clues for the physi-

cal properties of nanoparticles. For example, combustion researchers used AFM to iden-

tify nascent soot, which flattens as it hits a sampling grid [86,92,93]. The observation sug-

gested that nascent soot, which is not detectable by optical techniques, is liquid-like and 

far from being mature [86]. On the other hand, AFM can be used to select and manipulate 

specific nanoparticles on a surface [94,95]. 

AFM measurements are affected by deposition methods and substrates for nanopar-

ticle deposition. Deposition methods may skew the size distributions of nanoparticles 

[91,96]. If the nanoparticles are over-diluted for deposition, very few are deposited on a 

substrate and vice versa [96]. In addition, because AFM relies on the movement of the 

probe tip, the surface roughness of a substrate also contributes to the error in size meas-

urements [87]. Delvallee et al. [87] recommended that mica sheets and silicon wafers, 

which have relatively lower roughness, should be used for AFM. However, mica is hy-

drophilic and may lead to the agglomeration of nanoparticles, producing measurement 

errors [96]. Thus, substrates with higher hydrophobicity can solve this problem. Moreo-

ver, artifacts are created as the probe tip does not necessarily follow the outer edge of a 

particle [86,87,97]. Therefore, AFM should be used with other techniques, such as TEM 

and SEM, to reliably estimate particle sizes. 

4.2.2. The Brunauer-Emmet-Teller Method (BET) 

The BET is the most common technique used to determine the specific surface area 

(SSA) of nanoparticles. This variable represents the surface area of solid nanoparticles per 

unit of mass [98,99]. The BET method enables the SSA value calculation based on the vol-

ume of N2 gas adsorbed by the nanoparticles at 77 K [8,10,18,55,100]. Assumptions include 

the N contact with the entire surface of the nanoparticles and their infinite number of lay-

ers [100]; hence, the adsorption occurs without interaction among the layers.  

The equivalent BET particle size (dBET) can be derived from the calculated SSA 

[7,14,18], using Equation (1), obtained from the study of Rubio et al. [14]: 

dBET=
6000

SSA*ρ
 (1)

where dBET is expressed in [nm], SSA is in [m2/g], and ρ is the density of nanoparticles 

[g/cm3], which is not the same value as the bulk density. The equation assumes that the 

particles are monodispersed and spherical. The study of Wu et al. [55] determined a higher 

SSA for the flame-synthesized titania NPs than with that measured in the commercial P25 

type. 

4.2.3. Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) provides particle size distribution profiles. Samples 

for DLS are prepared by suspending nanoparticles in a liquid. A laser beam passes 

through the sample, and the scattered light intensity associated with the Brownian motion 

of particles is measured at a given scattering angle for a given period [101–103]. The re-

sultant measurements are then converted into size distribution profiles. It is worth noting 

that DLS gives hydrodynamic diameter, derived from the Stoke-Einstein equation, and is 

a function of the measured particle diffusion coefficient. For non-spherical particles, the 

hydrodynamic diameter is not the same as the actual geometric diameter measured by 

other techniques, e.g., TEM [16,68]. 

The benefits of DLS include fast acquisition, ease of use, and the possibility of reusing 

sample particles. However, the interpretation of DLS measurements is subject to factors 

such as suspension concentration, particle size, polydispersity, and surface property. This 

technique also provides information about the surface charge in NPs, as shown by Chang 

et al. [68], for CNPs produced by flame synthesis. Although flame synthesis studies mostly 

applied this method in ex-situ conditions, it has been applied for in-situ measurements of 

nanoparticle sizes [104–106]. 
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4.2.4. X-ray Diffraction (XRD) 

The application of the X-ray diffraction (XRD) technique reveals the structure of na-

noparticles [7–13,15–17,25–27,55,68,80]. The working principle (i.e., the basis of Bragg’s 

law) is the same as SAED, except that X-ray generated by CuK_ radiation is the radiation 

source. Diffracted radiation from a sample is measured at different angles to produce the 

XRD spectra. Peaks in an XRD spectrum indicate lattice planes of the sample, enabling 

identification of the sample’s chemical composition. 

Unlike crystalline materials, amorphous materials yield broadened peaks, indicating 

structural strains, stacking faults, dislocations, and defects [107–109]. Thus, the width of 

the peak correlates with the disorder of the nanostructure of the materials [110–112]. After 

the targeted peak width is known, the use of the Scherrer equation [113] (shown in Equa-

tion (2)) allows the estimation of the size of the lattice plane of the corresponding peak: 

B(2θ)=
Kλ

L cos θ
 (2)

where B is the FWHM (full-width at half-maximum) of a peak at 2�, L is the lattice plane 

length, � is the wavelength of the incident X-ray, and K is the shape factor, which varies 

from 0.62 to 2.08. Other information for nanostructures, such as interlayer spacing 

(Bragg’s equation) [113], and phase composition (e.g., aromaticity for carbon materials 

[114]), can also be estimated from the XRD spectrum. Measuring the peak width can reveal 

the degree of graphitization [110,111,115,116] and interlayer spacing [113,117] of carbona-

ceous materials. Rietveld analysis provides detailed and precise information on the XRD 

spectra [118]. It should be noted that a relatively large number of samples is necessary for 

reliable measurements. However, the latest technology allows XRD measurement of thin 

films [119]. 

Ismail et al. [7] applied this technique to determine the effect of adding iron, silicon, 

and vanadium elements in the precursors over the composition of structural phases in the 

flame-made titania NPs using this technique. Their results exposed the dominance of the 

anatase phase with a small percentage of carbon in the precursors; this content decreased 

with high carbon contents. Moreover, adding vanadium made the rutile phase dominant 

[7]. Figure 7 displays the XRD patterns obtained for flame-synthesized titania NPs at dif-

ferent deposition times and includes the pattern of the P25 TiO2 for their comparison, 

identifying the characteristic peaks of anatase and rutile phases in each pattern [55]. 

 

Figure 7. XRD patterns for titania NPs obtained at various levels of deposition time, compared with 

the pattern obtained for the commercial P25 TiO2 [55]. Reproduced with permission from Wu, S., et 

al., Small Methods; published by Wiley Online Library, 2020.  
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4.2.5. X-ray Photoelectron Spectroscopy (XPS) 

This quantitative method determines the elemental composition at the surface of a 

sample [120,121], and it is known for characterizing the surface chemical state of flame-

synthesized materials [7–9,11,14,16,27,55,68,76]. The X-ray beam irradiation over the sam-

ple quantifies parallelly the kinetic energy and the number of electrons leaving [121]. 

Moreover, this method is surface-sensitive [55] since this technique analyzes the material 

in a range of 10 nm from the top [121]. Ultra-high vacuum conditions (UHV) are required 

to perform this method [120–122]. 

With this method, a commonly observed feature in the analysis of nanoparticles is 

the presence of oxygen peaks [14,68], which are caused by partial oxidation in the synthe-

sis of the NPs [76]. This feature also indicates that the NPs contained oxygen because of 

the availability of defect sites—often called oxygen vacancies (OVs), which may provide 

adsorption features to NPs [68] and can also be present to maintain the charge equilibrium 

[9,55]. The study of Ismail et al. [7] obtained detailed information about the XPS spectra 

for the C 1s, Ti 2p, Fe 2p, Si 2p, O 1s, and V 2p core levels. This high-resolution data pro-

vided the chemical composition of the samples and demonstrated the presence of SiO2 on 

the surface of the titanium-oxide NPs, corroborating the findings of the EFTEM perfor-

mance in these produced particles (see Figure 2g) [7]. The XPS spectra also asserted the 

existence of doped vanadium in the TiO2 nanoparticles. 

4.2.6. Raman Spectroscopy 

Raman spectroscopy provides information about chemical structure, phase, crystal-

linity, and molecular interaction. The working principle is based on light scattering from 

the molecules of samples. While most light scatters away at the same wavelength (i.e., 

Rayleigh scattering), when a laser shines on a sample, a small amount of light is scattered 

at different wavelengths (i.e., Raman scattering [123,124]). Changes in wavelength depend 

on the chemical structure of the sample. A Raman spectrum was constructed by compar-

ing these changes (i.e., Raman shift). Each peak on the spectrum represents a specific 

chemical bond (e.g., C-C). While highly structured materials show sharp and distinct 

peaks, amorphous materials (e.g., carbon black) exhibit line broadening, making decon-

volution of peaks a requirement for spectrum interpretation. 

This method provided information at the surface of samples within a depth range 

from 30 to 60 nm from the top [125]. Raman spectroscopy performance requires a shorter 

time than techniques such as XRD, which has a long measurement time [12]. It is worth 

noting that although ex situ measurements using this technique are typical, in situ appli-

cations have also been found [126–129]. 

For nanoparticle synthesis, Raman spectroscopy is used to identify structural phases, 

such as hematite in FexOy [11–13] and anatase in the TiO nanoparticles [7,55]. For carbon-

based materials (e.g., carbon black and CNTs), this method evaluates the degree of their 

structural disorder [3,4,7,11,24,26,68,76,80], using the peaks defined for the D and G 

bands. This technique is useful for detecting and studying the presence of oxygen vacan-

cies (OVs) in nanoparticles [16,17]. The results from Ismail et al. [7] confirm the dominance 

of the anatase phase in all titania samples—except for the material containing vanadium, 

where the rutile phase content is the highest—which was in agreement with the XRD re-

sults. Moreover, the higher peaks for the D and G bands are notable for the samples with 

iron content [7]. 

4.2.7. Fourier-Transform Infrared (FTIR) Spectroscopy 

Studies using the Fourier-transform infrared (FTIR) spectroscopy method identify 

compounds in a mixture sample. It measures the absorbed radiation from a sample. Infra-

red radiation (10,000–100 cm−1) passes through the sample via an interferometer, which 

modulates the wavelength from a broadband infrared source. The sample absorbs part of 

the energy and converts it into vibrational energy in the molecular bonds, producing an 
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infrared absorption spectrum, which is unique for each molecular bond [130,131]. Thus, 

by comparing the reference spectrum library, the chemical species can be identified. 

FTIR is used in the community to identify nanoparticle functional groups [6,27,68]. 

For example, Mohapatra et al. [6] used FTIR to show that onion-like carbon is highly dis-

persible and stable over time because of surface functional groups, which are carboxylic 

and hydroxyl functions. Alkan et al. [27] performed this technique for analysis of the func-

tional groups present in the perovskite NPs produced in flame-assisted pyrolysis; the ob-

tained spectra are plotted in Figure 8. Their results agreed with those from previous stud-

ies; however, the iron content variation in the precursor modified the nature of Co-O 

bonds in the NPs [27]. It is worth noting that although FTIR is classified as an ex-situ 

method, various combustion studies detected gas-phase species (e.g., NO, N2O, and CO2) 

in flames using this method [132–135]. 

 

Figure 8. FTIR spectra of perovskite nanoparticles, exposing the C-H, O-C=O, O-C, and Co/Fe-O 

functional groups. Dots represent a secondary band related to the last functional group [27]. Repro-

duced with permission from Alkan, B., et al., ChemElectroChem; published by Chemistry Europe, 

2019. 

4.2.8. Photoluminescence Spectroscopy (PL Spectroscopy) 

Photoluminescence (PL) spectroscopy measures the emission of photons from matter 

when stimulated by incident light, which has higher energy than the energy bandgap of 

the matter [136]. The excited electrons return to the ground state and emit photons in par-

allel. PL is used to detect impurities and defects and evaluate bandgap energy, molecular 

structure, and nanoparticle crystallinity.  

By studying PL spectra at different conditions (i.e., temperature and excitation 

power), Zeferino et al. [137] assessed the role of gold in gold-doped ZnO nanoparticles. 

The accumulation of gold distorted the ZnO lattice and altered the Pl properties of ZnO 

nanoparticles. Furthermore, Wu et al. [55] used time-resolved PL spectroscopy to assess 

the photophysical properties of flame-made TiO2. They found that flame-made TiO2 ex-

hibited photocatalytic activity superior to commercially available TiO2 because the inten-

sity of the former decayed faster than the latter in the PL measurements. 

4.2.9. Thermogravimetric Analysis (TGA) 

This technique measures the mass of a sample over time with temperature change. 

This measurement provides information about physical and chemical changes (i.e., ther-

mal stability [68]) in the sample with the temperature variation. It can also determine the 

purity and the content of volatile or carbonaceous matter in a sample [7,13]. The effective-

ness of catalytic reactions of nanoparticles can also be assessed using TGA. Ismail et al. [7] 

found that iron-based TiO2 achieved complete oxidation at a lower temperature than TiO2 

without iron. 
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TGA may be combined with other techniques to carry out more detailed analysis. For 

example, Carvajal et al. [13] combined TGA with a gas analyzer and a mass spectrometer 

(MS) to identify thermal events when heating FexOy nanoparticles in TGA. Gas emission 

helped the authors identify the events of water vaporization, solvent decomposition, and 

oxidation of carbonaceous materials [13]. Meierhofer et al. [62] coupled TGA with differ-

ential scanning calorimetry (DSC) and a mass spectrometer (MS) to evaluate purity and 

identify volatile compounds evolving in the samples. Figure 9 displays the results from 

this TGA and DSC coupling. 

 

Figure 9. Results obtained from the coupling of TGA and DSC analysis, carried out in Li4Ti5O12 

particles produced through flame-spray pyrolysis (FSP), using various precursors and solvents [62]. 
Reproduced with permission from Meierhofer, F., et al., ACS Applied Materials & Interfaces; pub-

lished by ACS publications, 2017. 

4.2.10. UV-vis-NIR Spectrophotometry 

Ultraviolet-visible-near infrared (UV-vis-NIR) spectrophotometry measures the ra-

diation absorption of samples at wavelengths between 200 and 2500 nm [138]. The absorp-

tion intensity is species-dependent; therefore, it is possible to determine the presence of a 

substance in a sample. Subsequently, material properties could be assessed. In particular, 

it is useful to assess the properties of nanotubes as they are active in the UV-vis-NIR re-

gion.  

Ryabenko et al. [139] used the technique to evaluate the effectiveness of different pu-

rification processes for soot-containing single-wall carbon nanotubes. By comparing the 

absorption spectra, the authors concluded that centrifugation was the most effective pu-

rification method. Chang et al. [68] used this method to identify the absorptivity of a cat-

ionic dye of carbon nanoparticles derived from corn oil; they doped the CNP into the dye, 

which absorbs UV-vis radiation. As the absorption intensity decreased with the increasing 

concentration of the CNP, the study concluded that this type of CNP absorbs the cationic 

dye. Figure 10 shows an example of the UV/vis spectra for WO3 samples, taken from the 

study of Chen et al. [17], where the plotted Tauc plots (Figure 10b) exposed information 

about the bandgap of the samples. The authors concluded that the variation in height 

above the burner—and consequently the temperature—affected the optical features in the 

synthesized samples [17]. 
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(a) (b) 

Figure 10. (a) UV/Vis spectra obtained for tungsten-oxide NPs collected at different heights above 

burner (HABs). (b) Tauc plots obtained for the same samples [17]. Reproduced with permission 

from Chen, H., et al., ChemPlusChem; published by Chemistry Europe, 2018. 

4.2.11. Vibrating Sample Magnetometer (VSM) 

A vibrating sample magnetometer quantifies the magnetic properties of nanoparti-

cles. The working principle consists of a constant magnetic field applied over the sample. 

As the magnetized sample started vibrating, an electric field was induced, which is pro-

portional to the degree of magnetization. Repeating this process with different magni-

tudes of the constant magnetic field exposes the magnetic properties of the sample.  

The performance of VSM exhibited the magnetic properties of iron-based NPs (i.e., 

FexOy) [13,140,141]. Because of their superparamagnetic nature (i.e., size-dependent mag-

netization), it was important to understand their magnetic properties. The magnetization 

of these NPs increased with particle size and magnetite content [13]. 

4.3. In-Situ Measurement Techniques 

For a better understanding of nanoparticle formation, accurate and detailed spatial 

and temporal characterization of nanoparticles was necessary, using both in-situ and ex-

situ techniques.  

4.3.1. SMPS—Scanning Mobility Particle Size 

The scanning mobility particle sizer is based on the mobility of a positively charged 

particle in an electric field. The instrument usually consists of a neutralizer (bipolar 

charger), a differential mobility analyzer (DMA), and a condensation particle counter. The 

neutralizer charges the collected particles before entering the DMA for particle sizing. In 

the DMA, a negatively charged rod attracts the positively charged particles, which travel 

through the sheath gas at rates determined by their electrical mobility. Particles of a given 

mobility enter the condensation particle counter, yielding particle size distribution spec-

tra. Because the sizes are determined based on the electrical mobility of particles, SMPS 

yields mobility sizes [142,143], although the difference between mobility sizes and actual 

geometric sizes is small [144]. Conventional SMPS spectrometers lack the resolution for 

the analysis of nanoparticles. For nanoparticle applications, SMPS spectrometers 

equipped with high-resolution DMAs [145], such as nano-DMA [84], Vienna DMA 

[146,147], and radial DMA [148,149], are required.  

Relating electrical mobility to size is challenging. The semi-empirical Stokes-Milliken 

equation provides satisfactory results for coarse particles or the continuum region (Kn<<1) 

[150,151]. However, for finer particles or the free molecule region (Kn>>1), the Stokes-

Milliken equation is insufficient as factors such as diffuse/specular scattering and poten-

tial interaction become non-negligible [151]. As such, different researchers proposed cor-

rections to the Stokes-Milliken equation to predict nanoparticles [152–154]. Ehn et al. [155] 

reported that the modified Stokes-Milliken equations [152,153] worked well down to the 
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size of 1 nm. Non-spherical shapes give complexity to the analysis of electrical mobility. 

The Stokes-Milliken equation with a modified Knudsen number was proposed for non-

spherical particles in the transition and free molecular regimes. However, it should be 

solved numerically [156]. 

When sampling particles for online SMPS, samples should be properly diluted with 

nitrogen, and the pressure difference must be carefully controlled to minimize particle 

loss in the sampling line due to particle coagulation and wall diffusion [157,158]. Without 

dilution, particle loss is about 10% in only 20 ms [158]. It is essential to dilute the sample 

to a critical level so that the resultant particle size distribution is independent of the dilu-

tion ratio [158]. Okonkwo et al. [18] obtained the particle size distribution using this tech-

nique; the measured distributions at different precursor flow rates are plotted in Figure 

11. The dominant growth mechanism is the particle collision, demonstrated by the similar 

standard deviation determined at all conditions [18]. The larger geometric mean diameter, 

measured through SMPS and compared with that determined from TEM and BET meth-

ods, confirmed the agglomeration of particles [18]. 

4.3.2. Laser Diagnostic Techniques 

The application of light-induced scattering techniques proved the existence of nas-

cent soot, particle size, mass fractal dimension, aggregate size, and number of primary 

particles per aggregate [159–168]. Generally, the laser beam is focused first on a point in 

the probe volume with a diameter near 1 mm; the scattered light is detected by a photo-

multiplier tube. Visible-light scattering is the most common technique, compared with the 

techniques using visible/UV light, microwaves, near IR, X-rays, and neutrons. The inten-

sity of the scattering signal is highly sensitive to the scattering angle, as shown in Figure 

12 [169]; this allows the measurement of fractal characteristics by multi-angle light scat-

tering techniques, which was used by Yang et al. [159] to investigate the fractal character-

istics of the titania particles produced from a premixed flame aerosol reactor. A CW argon-

ion laser was used to yield a 488 nm incident beam. Yang et al. [159] observed the isolated 

titania particles in the high-temperature region, and a sintering equation was developed 

based on the light scattering data. Simon et al. investigated the size distribution of TiO2 

nanoparticles using a wide-angle light scattering method with pulsed light at 532 nm, 

which could also identify the presence of morphological fraction [170]. The formation of 

silica particles in co-annular diffusion flame was investigated by Adrian et al. [160] using 

an in situ small-angle X-ray scattering (SAXS) technique, with the ability to monitor the 

mass fractal dimension, aggregate size, and the number of primary particles per aggre-

gate. Ceolato et al. [171] demonstrated the ability of picosecond short-range elastic 

backscatter LiDAR to quantify the carbon number and mass concentration. 

 

Figure 11. Particle size distribution of alumina NPs produced through flame synthesis at different 

precursor feed flow rates [18]. Reproduced with permission from Okonkwo, O., et al., Journal of the 

American Ceramic Society; published by The American Ceramic Society, 2021. 
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Figure 12. Functions of light scattering signal with scattering angle for single primary particles and 

aggregated primary particles [169]. Reproduced with permission from Kelesidis, G.A., et al., Pow-

der Technology; published by Elsevier, 2020. 

The laser-induced incandescence (LII) technique consists of a laser beam heating the 

sampled particles, and the subsequent incandescence decay curve can determine the size 

of particles and their volume fraction [172–174]. For details of LII theory refer to the work 

by Michelsen et al. [175]. LII is widely used in the soot community to probe flame soot, as 

illustrated in the review paper of Schulz et al. [176], which does not sublimate until above 

4000 K. However, the lack of knowledge from the material properties (including sublima-

tion temperature, radiative properties, specific heat, among others) limits the application 

of LII on metal nanoparticle diagnosis. Iuliis et al. [177] explored the applicability of the 

LII method to TiO2 nanoparticles in flame spray synthesis. Their results showed that the 

signal spectrum was highly sensitive to laser fluence. At low laser fluence, the fluores-

cence signal of the anatase TiO2 nanoparticle can be detected; the incandescence signal 

appears at high laser fluence, and the breakdown signal appears when the laser fluence 

moves beyond a threshold value. Modelling the laser heat and the subsequent cooling 

process could help to interpret the LII signal from metal-based nanoparticles. Gurentsov 

et al. [178] obtained the size of ion nanoparticles by a combination of LII experiments and 

simulation. Daun et al. [179] measured the size distribution of silicon nanoparticles using 

time-resolved LII (TiRe-LII) measurements and simulation. 

It should be noted that some small gas-phase particles present fluorescence charac-

teristics [180]. Bruno et al. [181] detected the carbon particle with a diameter of 3.3 nm 

based on the laser-induced fluorescence (LIF) technique.  

Flame temperature is a crucial parameter controlling the quality of nanoparticles. The 

information on the emission spectrum of particles is useful for interpreting flame temper-

ature [182,183]. Jenkins et al. [184] measured the flame temperature using the modulated 

absorption/emission pyrometry, and the uncertainty is within 20 K. Mekhrengin et al. 

[185] combined the soot pyrometry and C2* emission spectroscopy for flame temperature 

measurement. Zhong et al. [186] performed color ratio pyrometry to record the tempera-

ture evolution for synthesizing metal-oxide nanoparticles. The temperature measurement 

in synthesis flame may be more complicated. For example, De Iuliis et al. [182] demon-

strated the non-isothermal nature of the emitting particles, i.e., the hot and cold particles 

coexist in the probe volume in a synthesis flame. 

Heated by high laser fluences, the nanoparticle can partially or entirely evaporate, 

offering the opportunity to monitor gas-to-particle conversion. This behavior is the work-

ing concept of laser-induced breakdown spectroscopy (LIBS). Amodeo et al. [187] demon-

strated the feasibility of an online LIBS monitoring system for real-time composite nano-

particle measurements. Morgan et al. [188] explored nanosecond-duration LIBS for de-

tecting airborne metals and concluded that the nanosecond-duration LIBS could detect AI 

at concentrations of 5%-16% by weight. Mukherjee et al. [189] determined the extent of 

oxidation and coating thickness of aluminum nanoparticles using LIBS. The breakdown 

only occurred when the nanoparticles were ablated at low laser fluence, making it possible 
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to distinguish the elements from the solid particle phase. This technique is useful for un-

derstanding gas-particle conversion, and is termed a low intensity phase-selective laser-

induced breakdown spectroscopy (PS-LIBS) [190]. The emission spectra of titania nano-

particles by PS-LIBS is illustrated in Figure 13, taken from the study by Zhang et al. [191] 

which also obtained two-dimensional images of gas/particle phase transition of metal ox-

ides in high temperature flow conditions using PS-LIBS, as shown in Figure 14. 

 

Figure 13. Spectra of emissions (around 500 nm) from PS-LIBS of titania nanoparticles 25 mm above 

the burner at a laser energy of 23 mJ/pulse. Lines correspond to the NIST database [191]. Repro-

duced with permission from Zhang, Y. et al., Applied Physics Letters; published by AIP Publishing, 

2014. 

 

Figure 14. Two-dimensional distribution of particle-phase Ti imaged with a 500 nm bandpass filter, 

showing the rapid conversion from gas-phase precursor to TiO2 nanoparticles across the flame and 

conservation of particle volume fraction in the coagulation process downstream of the flame [191]. 
Reproduced with permission from Zhang, Y. et al., Applied Physics Letters; published by AIP Pub-

lishing, 2014. 

5. Conclusions 

This review explored the latest findings in the formation, diagnosis, and applications 

of carbon and metal-oxide nanoparticles synthesized in flame. Specifically discussed were 

the types of burners used in flame synthesis for some laminar flames at small scales. The 

counterflow non-premixed flame enabled practical measurements and prediction of the 

combustion parameters, allowing the study of the effects of these parameters on NP prop-

erties. The multiple diffusion flame setup provided the benefit of a premixed flame in a 

safer operation environment, allowing the scale-up of this technology for industrial appli-

cations. This last configuration also enabled the use of liquid precursors for flame-assisted 
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pyrolysis, broadening the applications to metal-oxide nanoparticles. The effects of oper-

ating parameters—including equivalence ratio, flame temperature, fuel type, and sub-

strate materials—on particle size distribution, morphology, and chemical and structural 

composition were examined. The equivalence ratio influences the flame temperature in 

premixed flames, and the stoichiometric mixture fraction affects this temperature in dif-

fusion flame configurations. The flame temperature and the residence time exerted the 

main influence over the properties of the synthesized particles since these parameters 

dominate the sintering process for the formation of metal-oxide nanoparticles and the par-

ticle nucleation and size growth modes in the synthesis of carbon-based nanoparticles. 

The stability of the structural phases of metal-oxide NPs is the reason for the dominance 

of the flame temperature over the structural phase composition of these materials. This 

review introduced various in situ and ex situ measurement methods for detecting particle 

properties and discussed the possible limitations of each technique. Nevertheless, a 

knowledge gap exists regarding the reaction pathways at the molecular scale of these 

metal-oxide and carbon nanoparticles, and therefore needs further extensive investiga-

tion. 
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Nomenclature 

Abbreviature Definition 

a.u. Arbitrary unit 

ACL Amorphous carbon layer 

AFM Atomic force microscopy 

AlxOy Aluminum oxide 

α-Al2O3 Corundum phase—Aluminum oxide 

γ-, η-, ρ-, θ-, δ-, χ-, κ-Al2O3 Metastable phases—Aluminum oxide 

Ar Argon 

BET Brunauer-Emmet-Teller method 

BF-TEM Bright field—transmission electron microscopy 

BSE Backscattered electrons 

°C Celsius degree (temperature unit) 

cm3 Cubic centimeters (volume unit) 

CNO Carbon nano—onions 

CNP Carbon nanoparticles 

CNT Carbon nanotubes 

CO2 Carbon dioxide 

CuK Cooper-Potassium 

CVD Chemical vapor deposition 

CW Continuous wave 

CXHY Hydrocarbon compounds 

Deg. Degree (Angular position unit) 

DF-TEM Dark field–transmission electron microscopy 

DLS Dynamic light scattering 

DMA Differential mobility analyzer 
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DSC Differential scanning calorimetry 

EDX Energy dispersive X-ray (spectrum) 

EFTEM Energy-filtered transmission electron microscopy 

ENM Engineered nanomaterials 

ETEM Environmental transmission electron microscopy 

FCCVD Floating catalysts–chemical vapor deposition 

Fe(II) Iron (+2 oxidation state) 

Fe(III) Iron (+3 oxidation state) 

FeO Wustite phase–iron oxide 

FESEM Field emission–scanning electron microscopy 

FexOy Iron-oxide 

α-Fe2O3 Hematite phase–iron oxide 

γ-Fe2O3 Maghemite phase-iron oxide 

Fe3O4 Magnetite phase-Iron oxide 

FSP Flame spray pyrolisis 

FTIR Fourier-transform infrared 

FWHM Full width at half maximum 

HAADF High-angle annular dark field 

HIM Helium ion microscopy 

hr Hour (time unit) 

HRTEM High resolution-transmission electron microscopy 

ID Signal intensity of the D-band (Raman spectroscopy) 

IG Signal intensity of the G-band (Raman spectroscopy) 

K Kelvin (temperature unit) 

kV Kilovolts (electric potential difference unit) 

LIBS Laser-induced breakdown spectroscopy 

LIF Laser-induced fluorescence 

LII Laser-induced incandescence 

Li Lithium 

MEDB Multi—element diffusion burner 

mg Milligram (mass unit) 

ml Milliliters (volume unit) 

MnxOy Manganese oxide 

ms Miliseconds (time unit) 

MS Mass spectrometry 

mW Miliwatts (power unit) 

N Newton—force unit 

nm Nanometers (length unit) 

NCM Nickel-rich cathode material 

NP Nanoparticle 

N2 Nitrogen (molecule) 

OV Oxygen vacancies 

Pa Pascals (pressure unit) 

PAH Polycyclic aromatic hydrocarbon 

pH Potential of hydrogen 

PL Photoluminescence 

PS-LIBS Phase-selective laser-induced breakdown spectroscopy 

Pt Platinum 

SAED Selected area electron diffraction 

SAXS Small-angle X-ray scattering 

SE Secondary electrons 
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SEM Scanning electron microscopy 

SiO2 Silicon oxide 

SMPS Scanning mobility particle size 

SSA Specific surface area 

STP Standard temperature and pressure 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

TiO2 Titanium oxide 

TiO2-II Srilankite phase of TiO2 

TiRe Time-resolved 

TMS Tetramethylsilane 

TTIP Titanium isopropoxide 

UHV Ultra-high vacuum 

UV-vis-NIR Ultraviolet-visible-near infrared 

VSM Vibrating sample magnetometer 

WO3 Tungsten oxide 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

YSZ Zirconium acetate + Yttrium acetate 

ZnO Zinc oxide 

ZrxOy Zirconium oxide 

Zst Stoichiometric mixture fraction 

φ Equivalence ratio 
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