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Abstract  

Due to the challenges of global warming and the energy crisis, this dissertation stresses 

the importance of efficient energy utilization in sectors like buildings and transportation 

that use much energy for HVAC systems. It shows how improving HVAC systems can 

lower energy consumption and emissions and support sustainability and global warming 

mitigation. Solar radiation, especially near-infrared (NIR) radiation, increases the energy 

consumption of HVAC systems in vehicles and buildings. Blocking NIR radiation can save 

energy and money by reducing air conditioning loads. The dissertation introduces various 

transparent NIR shielding products and their growing global market value.  

Tungsten bronze is a NIR shielding material that can absorb the whole NIR range and 

transmit high visible light. This dissertation compares it with other NIR shielding materials 

to demonstrate the advantages of tungsten bronze on NIR shielding. The tungsten bronze 

particles can be coated on transparent media to reduce the indoor temperature under solar 

radiation. However, the previous methods of producing tungsten bronze particles are 

energy and time-consuming. Thus, this dissertation introduces the continuous production 

of tungsten bronze particles via aerosol synthesis. Multiple setup match with different 

precursors and solvents are presented in the thesis. The effect of precursor and solvent are 

also discussed. The high-quality tungsten bronze particle can be produced through a cheap 

and environmentally friendly precursor and solvent.  

Particle size has an essential effect on optical performance. The particle size of tungsten 

bronze on NIR shielding is valuable to investigate for improving performance. The 

dissertation introduces the tungsten bronze particle of different sizes being separated by 
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the cascade impactor. The vis-NIR spectrum for different sizes of tungsten bronze particles 

is measured. The most suitable particle size for NIR shielding is found by SETS calculation.  

In practice NIR shielding application, the functional particles are randomly suspended 

in a transparent carry matrix. The dissertation also presents our work on the optical 

modeling of tungsten bronze particles to investigate the random particle location and multi-

scattering effect on the NIR shielding performance. The effect of the particle’s size, 

concentration, and shape on the NIR optics is explained in detail in the thesis.  

Keywords: Aerosol-assisted, Tungsten Bronze, Particle, NIR Shielding  
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Chapter 1. Introduction  

Humanity faces two critical challenges today: global warming and the energy crisis. 

Renewable energy is a promising solution to these problems, and significant efforts have 

been made to develop large-scale wind, hydro, solar, biomass, and geothermal power 

systems. The use of renewable energy has grown to approximately 11%1 of total energy 

consumption since the introduction of global warming and climate change concepts in the 

1980s. However, in addition to developing new energy sources, efficient energy utilization 

is also essential to reduce greenhouse gas emissions and energy consumption. This is 

particularly important in sectors with significant energy consumption, such as buildings 

and transportation. In these sectors, ventilation and air conditioning (HVAC) systems 

consume a considerable amount of energy, and improving their energy efficiency can 

significantly reduce energy consumption and associated emissions. For example, in fuel-

powered vehicles, air conditioning (AC) can consume up to 0.2 ~ 1 liter of petrol per 100 

km, while in electric vehicles, it can consume up to 10-20% of the battery’s energy. In 

buildings, air cooling alone accounts for 11.3% of electricity consumption in the US 

commercial sector and 18.58% in the residential sector.2 Therefore, addressing energy 

efficiency in HVAC systems is crucial for achieving sustainable energy consumption and 

reducing the impact of global warming.  

1.1 Significance of NIR shielding  

Solar radiation is the main heat source during the day and the primary reason for the 

energy consumption of vehicles and buildings’ air conditioning systems. Although human 

eyes can only perceive visible light, solar radiation contains significant invisible energy, 
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particularly in the near-infrared (NIR) range, the major thermal energy source. NIR 

accounts for approximately 50%3 of solar radiation. In the case of building air conditioning, 

up to 30%4 of energy consumption is attributed to solar radiation penetrating through 

windows. Therefore, blocking this invisible thermal energy can reduce air conditioning 

loads and decrease energy consumption in vehicles and buildings. According to 2021 data 

from US Energy Information Administration2, if all US commercial and residential 

windows blocked the entire NIR spectrum from solar radiation, electricity consumption 

could reduce by 1.4% to 2.8%, leading to billions of dollars in annual savings on electricity 

bills.  

In order to decrease the amount of energy consumed by HVAC systems due to NIR 

radiation, various transparent NIR shielding products have been studied, including smart 

windows, glazing coating, and thermal shield fabric. As of 20205, the global market for 

transparent solar filtering (NIR shielding) products was valued at approximately 6 billion 

dollars, and it is expected to grow at an annual rate of around 9% to reach approximately 

10 billion dollars by 2026.  

1.1.1 What is NIR?  

Near-infrared (NIR) refers to the part of the electromagnetic spectrum that lies 

immediately adjacent to the visible light spectrum, just beyond the red end of the visible 

range. NIR wavelengths range from about 700 to 2500 nanometers and are, therefore, 

invisible to the naked eye. The sun emits a broad spectrum of electromagnetic radiation, 

including visible, ultraviolet, and near-infrared. About 43% of the sun’s energy is visible 

light, while the remaining 57% is in the form of other types of radiation, including near-

infrared radiation.  
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1.1.2 NIR shielding mechanism  

To remove this invisible energy from solar radiation, several mechanisms exist for the 

methods in the NIR shielding, including absorption, reflection, scattering, and hybrid ones.  

Absorption: Materials can absorb NIR radiation and convert it into heat, reducing the 

amount of radiation that passes through. Some materials that are effective at absorbing NIR 

radiation include some forms of metal oxide, such as reduced tungsten or bronze. Due to 

the localized electron shifting between ions with lattice distorting, NIR photons are coupled 

and absorbed.6  

Reflection: Materials can reflect NIR radiation, preventing it from passing through the 

material. Highly reflective materials such as metals, especially aluminum, and silver, are 

commonly used for NIR shielding. Some metal oxides, like indium tin oxide (ITO) and 

vanadium pentoxide (V2O5 are commonly considered NIR-reflective rather than NIR-

absorbing material. The abundant free electrons on the surface can reflect the NIR radiation 

if there is enough thickness in the coating of the material.  

Scattering: Materials can scatter NIR radiation in many directions, reducing the amount 

of radiation that passes through. The particles of effective material embedded in glass, 

polymers, and ceramics can scatter the NIR radiation. Due to the particle’s dimensions 

being close to the wavelength of the visible and NIR light, the geometry features greatly 

impact the NIR shielding. For example, localized surface plasmon (LSP)7 is when a surface 

plasmon is confined within a nanoparticle comparable to or smaller than the wavelength of 

the light that excites the plasmon. The interaction of a light wave with vibrating electrons 

at a specific position on the surface of the nanomaterial can explain the phenomenon. The 

nanoparticle’s surface is metallic, which provides localized free electrons in the conduction 
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band that can oscillate when excited by incident light. The frequency of this oscillation is 

determined by various factors such as electron density, effective electron mass, and size 

and shape of the charge distribution.8,9 In this way, the specific NIR wavelength range can 

be scattered by the particles.  

Hybrid: Combining absorption, reflection, and scattering can achieve even greater NIR 

shielding. For example, some materials are designed with a multilayer structure with a 

reflective, scattering, and absorbing layer. This hybrid method is the most common for 

practical products since a single NIR shielding material is limited, which cannot guarantee 

performance on the whole NIR range. For example, some metal oxide, e.g., ITO, can only 

shield the NIR in a relatively longer wavelength. However, to achieve an extended 

shielding range, the other material with the shielding ability for shorter wavelengths, e.g., 

silver, is applied to combine with the metal oxide coating. In one instance, Chen10 combines 

the lamellar structure with noble metal to produce a composited film to shield NIR in an 

extended range. Layers of Ge and Ag are coated onto transparent media to better shield 

performance on NIR’s full range and transparency for visible light. Another example is that 

Miao11 combines the metal oxide, aluminum-doped zinc oxide (AZO), and the noble metal, 

silver, to form a multilayer structure to gain universal NIR shielding and high transmittance 

on visible light. Otherwise, shielding NIR is not only by the intrinsic material optical 

properties but also by the fine geometric features. One brilliant example is the commercial 

product by 3M company.12 It combines the one-dimensional photonic crystal film and 

antimony-doped tin oxide (ATO) to gain NIR shieling on the full range.  
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1.1.3 NIR shielding materials  

Based on the mechanism introduced above, the researchers have investigated various 

materials for NIR shielding. In Figure 1-1, the species of NIR shielding materials are listed 

in different types. It can be divided into metal, metal oxide, and metalloid by the element 

species.  

 

Figure 1-1. Classifications of transparent inorganic Nanomaterial-based Solar Cool Coatings.13  

Such materials in the above species can be processed into two major statuses for the 

NIR shielding. One is a fully dense layer/coating of the effective material; the other is a 

particle-suspended media in which the particle is made of the effective material, and the 

media is a transparent matrix. Generally, a full dense layer of functional material means a 

high price because processing such a high quantity of crystalline layer for refractory 

material is expensive to archive, e.g., commercial ITO-coated glass (usually several dollars 

per square inch) or sapphire-coated glass (external layer of iPhone screen). Therefore, the 

most widely applied in practice is the particle-suspended media, which can cover a much 

larger area with consuming smaller amounts of effective material.  
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1.1.3.1 Metals  

People have used noble metals in transparent coatings for decades for solar heat 

reflection. Copper (Cu), platinum (Pt), aluminum (Al), gold (Au), and silver (Ag) are 

common choices. Ag is the superior option due to its high reflectivity and low 

absorptivity.14 Due to the properties of LSPR, the shielding range of Ag particles correlates 

with the particle size (see Figure 1-2). The Ag particle dispersed film is high in reflectivity 

NIR around ~1000 nm. Therefore, to shield the extended range of NIR, metals must 

combine the other materials to obtain the general NIR shielding on the whole range, which 

is one shortage. For another one, due to its high electrical conductivity, metal layer coating 

on the windows reduces GPS and cell phones’ signal strength inside the buildings and autos. 

The other metal, for example, aluminum, also has the problem of a narrow shielding range, 

typically between 700 and 1100 nm, and the reflectivity in the NIR region is relatively 

lower than the silver.  

 

Figure 1-2. Normalized extinction cross-sections of silver nanodisks were calculated for various aspect ratios (AR). The 

thickness is kept constant at 10 nm, and the AR is varied by changing the diameter.15  

1.1.3.2 Metal oxides  

Due to the high electrical conductivity, some conductive metal oxide nanoparticles can 

shield NIR by the LSPR effect. Usually, the metal oxide used for NIR shielding includes 



7 

 

zinc oxide (ZnO)14,16–18, aluminum-doped zinc oxide (AZO)9,11,19–25, gallium zinc oxide 

(GZO)26,27, vanadium dioxide (VO2)
28,29, tin oxide (SnO2)

30–32, antimony-doped tin oxide 

(ATO)29,33–38, indium tin oxide (ITO)9,14,39–44, iron oxide (FeOx)
45 and titanium oxide 

(TiO2)
28,46. We can easily find that all such metal oxides are n-type doping semiconductors 

capable of offering free surface electrons. Due to the local free electrons, their 

nanoparticles have metallic effects on the surface, reflecting the NIR in a certain range. In 

some metal oxide optical spectrum data10,24,32,43,47, the products usually cannot effectively 

shield the NIR from 780 nm to 1500 nm (some to 2000 nm), which the range is close to 

the visible part. However, the solar radiation in this range, from 780 nm to 1500 nm, 

composes about 70% of the entire NIR radiation in solar light. This is a shortage that cannot 

be neglected. 

1.1.3.3 Metalloid  

Metalloid lanthanum hexaboride (LaB6) particles also shield NIR by the LSPR, but it 

relies on the absorption effect other than the reflection. Also, particle size is the primary 

influencing factor on the NIR shielding performance. The fine nanosized LaB6 particles 

have better shielding performance around the 1000 nm wavelength.48 However, the very 

fine particles of lanthanum hexaboride do not show a good shielding performance on the 

longer wavelength of NIR.  

1.1.4 Production methods for NIR shielding materials  

Various material processes have been proposed to produce the NIR shielding materials. 

Such materials processing methods can be divided into bottom-up and top-down 

approaches. The bottom-up means producing the matter from the basic molecules or atoms, 

and the top-down is reversed processing. The typical top-down method to produce NIR 
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shielding materials includes sputtering and grinding. And the bottom-up method includes 

solvo-/hydro-thermal and pyrolysis.  

1.1.4.1 Sputtering deposition 

Sputter deposition is a physical vapor deposition (PVD) method of thin-film deposition 

by sputtering. It involves ejecting material from a “target” source onto a “substrate” such 

as a silicon wafer95. People use sputtering deposition on glass coating to produce tinted 

solar filtering glass. By ion or atom bombardment on the target, the sputtered atoms are 

ejected from the target and then introduced by the magnetic or electrical field to deposit 

onto the material surface and form a film layer. Such a method is commonly used for 

multilayer metal oxide and noble metals like AZO21,24, ITO, and Ag10 coatings. The 

sputtering has the advantage of precise coating thickness control, multi-choices on coating 

material species, and fast processing time. However, the complex, expensive, and energy-

intensive equipment is the shortage of the sputtering method. Also, this technology is can 

only for newly-produced processing.  

1.1.4.2 Grinding  

Grinding, paired with other synthesis methods, like fused salt and solid powder reaction, 

can produce particle material for NIR shielding. Due to the particles’ size being one of the 

primary influences on NIR shielding performance, the size of the particles produced by the 

grinding should be fine enough to be effective in the NIR range. It can be seen in the 

production of LaB6
48,49 and tungsten bronze50. However, the grinding process is time-

consuming and energy-costly because most of the motion energy is consumed by the 

abrasive additives or the particles. Moreover, the impurity induced by the abrasive is 

another disadvantage of this processing.  
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1.1.4.3 Solvothermal (or Hydrothermal)  

Solvothermal (or hydrothermal) is a branch of techniques to synthesize material in 

high-temperature and high-pressure conditions. Due to the environment in 

solvothermal/hydrothermal being very close to the homogenous nucleation condition, 

crystal particles synthesized by this method are highly consistent with size and composition. 

Usually, solvothermal/hydrothermal can produce nanocrystals with narrow size 

distribution and high purity. The reactor of solvothermal/hydrothermal generally can only 

be operated in batch processing. The reaction time for one batch synthesis of NIR shielding 

materials, such as TiO2, ZnO, and tungsten bronze, varies from several to tens of hours. 

Time-consuming and solvent waste is the shortages for this method when applied for large-

scale production.  

1.1.4.4 Flame pyrolysis  

Flame pyrolysis produces metal oxide powders from the combustion reaction. 

Atomized precursor solution of the metal salts mixes with the fuel and oxidant gas to 

combust to form crystalline metal oxide particles. The product particles are synthesized in 

seconds for total processing by collecting the particle from the flame exhaust. As aerosol 

processing with high efficiency, flame pyrolysis can easily scale the production rate by 

increasing the liquid-feed-in speed and flow rate. It is one of the features of aerosol-based 

synthesis technology.51 However, controlling the products’ consistency is difficult due to 

the combustion’s uncertainty and unstable conditions. The size of particles synthesized by 

flame pyrolysis is not mono-distributed like the solvothermal-synthesized ones. The large 

particle in pyrolysis-synthesized powder causes the decline of visible light transmittance.  
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1.2 Tungsten bronze on NIR shielding  

1.2.1 Advantages of tungsten bronze  

As one of the hybrid NIR shielding mechanism materials, tungsten bronze (MxWO3, M 

= Li52, Na52–56, K52,54,57–59, Ru52, Cs33,60–68, NH4
69) can absorb the NIR in the whole range 

and have a high transmittance on visible light. A typical cesium tungsten bronze’s optical 

spectrum is shown in Figure 1-3. The spectrum curves sharply downturns at the division 

range (700 ~ 900 nm) between visible and NIR and keeps high absorption at the above 

1000 nm range. Otherwise, it has ~80% transmission at ~500 nm. Furthermore, at the 

longer wavelength range, from ~1500 nm to ~15000 nm, which is deep into the mid-IR 

and far-IR region, Cs0.32WO3 still has a perfect shielding effect. For now, tungsten bronze’s 

optical properties best meet the requirement for being transparent to visible light and 

shielding NIR as much as possible.  

In comparing multiple NIR shielding materials, including noble metals, metal oxides, 

lanthanum hexaboride, and tungsten bronze, tungsten bronze can shield the full range of 

NIR by its dual mechanism. The others need to be composited with the second matter to 

work on the whole range of NIR shielding. When the tungsten bronze particles are coated 

on the transparent media, no specific microstructure, like multilayers, is necessary for its 

work. In some recent research, building models with the coated window can have an indoor 

temperature 20 to 30 degrees Celsius lower than the ordinary one under the same simulated 

solar radiation.70,71  
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Figure 1-3. (a) Transmittance (black line) and reflectance (red line) spectra of Cs0.32WO3 coating. The background shows 

the relative energy wavelength distribution of the solar spectrum at sea level. Inset shows the picture of Cs0.32WO3 film 

coated on quartz glass. (b) FT-IR spectra of Cs0.32WO3.47
72. 

1.2.2 Methods of the tungsten bronze production  

As for the synthesis of tungsten bronze, Table 1-1 summarizes the preparation methods 

to produce tungsten bronze particles reported in the literature. Among them, the 

hydrothermal and solvothermal methods are batched and typically require a long reaction 

time to obtain the desired crystallinity of tungsten bronze particles. In addition to the long 

reaction time, the solid-phase reaction method requires a grinding/milling post-process 

which is very energy-intensive and time-consuming. The sputtering coating method has 

also produced crystalline tungsten bronze particles. The process is again batched and 

requires sophisticated and expensive equipment.  

Table 1-1. Summary of the methods for synthesizing tungsten bronze particles.  

Reference  Method  Processing 

Time  
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Shanks (1972) 73 Fused salt electrolysis Several 

days 

Y. T. Zhu and 

Manthiram 

(1994) 74 

Aqueous solution reaction 

and annealing 

5 hours 

J. -X. Liu et al. 

(2010) 67 

Solvothermal reaction and 

annealing 

13 hours 

Guo, Yin, 

Huang, Yang, et 

al. (2011) 72 

Solvothermal reaction 20 hours 

Guo, Yin, 

Huang, and Sato 

(2011) 58 

Hydrothermal reaction and 

annealing 

25 hours 

Guo, Yin, Yan, 

and Sato (2011) 
66 

Solvothermal reaction 20 hours 

Guo, Yin, and 

Sato (2012) 54 

hydrothermal reaction and 

annealing 

1 hour 

Gao and Jelle 

(2013) 75 

Aqueous solution reaction 

and hydrothermal 

24 hours 

J.-X. Liu et al. 

(2013) 68 

Solvothermal reaction and 

annealing 

13 hours 

Luo et al. (2013) 
55 

Hydrothermal reaction and 

annealing 

3 days 

J. Liu et al. 

(2014) 63 

Hydrothermal reaction and 

annealing 

3 days 

Shi et al. (2014) 
60 

Hydrothermal reaction and 

annealing 

3 days 

Guo et al. (2015) 
76 

Solvothermal reaction 1 hour 

J.-X. Liu et al. 

(2015) 61 

Solvothermal reaction 22 hours 

Long et al. 

(2015) 64 

Electron beam evaporation 

and annealing 

2 hours 
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Wu et al. (2015) 
17 

Solvothermal reaction 20 hours 

Zeng et al. 

(2015) 77 

Aqueous solution reaction 

and annealing 

1 day 

Machida and 

Adachi (2016) 65 

Aqueous solution reaction 

and annealing 

13 hours 

Chen et al. 

(2018) 78 

Aqueous solution reaction 

and annealing 

1 day 

Hirano et al. 

(2018) 62 

Flame-assisted spray 

pyrolysis and annealing 

1 hour 

Qi et al. (2019) 
71 

Solvothermal reaction 4 hours 

Y. Zhu et al. 

(2019) 70 

Milling and solid-phase 

reaction 

2 days 

Linyuan, 

Mingqing, and 

Yong (2020) 79 

Hydrothermal & solvothermal 

reaction 

2 days 

Nakakura et al. 

(2020) 80 

Spray pyrolysis & annealing 

& milling 

13 hours 

Song et al. 

(2020) 81 

Grinding & annealing & 

milling 

 

Yi et al. (2020) 
82 

Solvothermal reaction 20 hours 

Chao et al. 

(2021) 56 

Solvothermal reaction 5 hours 

Shen, Ding, et al. 

(2021) 69 

Solvothermal reaction 1 day 

Shen, Wang, et 

al. (2021) 33 

Solvothermal reaction 1 day 

Wang et al. 

(2014) 83 

Solvothermal reaction 3 days 
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1.3 Aerosol synthesis of particle materials  

1.3.1 Advantages of aerosol synthesis  

Aerosol synthesis is a highly effective method for producing high-quality nanoparticles 

that meet scalability requirements, one-step, toxic-agent-free, size-tunable, rapid, and 

continuous production. This method generates aerosol particles that react or condense to 

form the desired nanostructured material. The process can be divided into three main stages: 

precursor generation, aerosol formation, and particle growth and collection. The precursor 

material is generated by either chemical reaction or physical vaporization, then converted 

into an aerosol using nebulization or atomization. The resulting particles are allowed to 

react or condense to form the desired nanostructured material, which can be controlled by 

adjusting factors such as reaction temperature, flow rate, and chemical composition of 

precursor solutions. Aerosol-based processing does not require grinding or additional 

procedures, thus saving energy consumption. Given these merits, it is significant to 

investigate the use of aerosol technology to produce tungsten bronze nanoparticles.  

The process can be divided into three main stages: (i) precursor generation, (ii) aerosol 

formation, and (iii) particle growth and collection.  

Precursor Generation: In this stage, the precursor material is generated by either 

chemical reaction or physical vaporization. Depending on the synthesis method, the 

precursor can be a gas or a liquid. Precursor materials include metal salts, metal-organic 

compounds, and metal oxide powders. 

Aerosol Formation: Once the precursor material is generated, it is then converted into 

an aerosol by using techniques such as nebulization, atomization, or spray drying. These 
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techniques convert the liquid or solid precursor material into small droplets or particles, 

then dispersed in a carrier gas, such as nitrogen or helium. 

Particle Growth and Collection: Once the aerosol particles are formed, they are allowed 

to react or condense to form the desired nanostructured material. The particle growth and 

collection can occur in various ways, such as in a high-temperature furnace, a flame reactor, 

or a fluidized bed reactor. The final product is collected after the growth process is complete. 

Aerosol synthesis has several advantages over other methods for producing 

nanostructured materials. These advantages include the ability to produce uniform particles 

with controlled size and shape, the ability to produce a wide range of materials, and the 

scalability of the process. Additionally, aerosol synthesis can be easily integrated with other 

processes, such as thin film deposition and printing, making it a versatile tool for 

nanotechnology research and development 

1.3.2 Examples of different aerosol synthesis  

Several examples of aerosol synthesis methods have been developed for producing 

various nanostructured materials. Here are some examples:  

Flame spray pyrolysis (FSP)84: FSP is a widely used aerosol synthesis technique for 

producing metal oxide nanoparticles, such as titanium dioxide, zinc oxide, and iron oxide. 

This method involves combusting a precursor material in a flame, forming aerosol particles 

that react or condense to form the desired nanostructured material. 

Electrospray synthesis (ES)85: ES produces nanoparticles from a solution containing a 

precursor material. It involves electrostatically charging the precursor solution and then 
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applying an electric field to generate an aerosol of charged droplets. The droplets then 

evaporate and subsequently condense to form nanoparticles. 

Nebulized flame synthesis (NFS)86: NFS is a method for synthesizing carbon-based 

nanoparticles. It involves nebulizing a precursor solution and then introducing it into a 

flame, which is thermally decomposed to form carbon-based nanoparticles.  

Aerosol-assisted chemical vapor deposition (AACVD)87: AACVD is a process of 

deposition of thin films and coatings. It involves generating an aerosol of precursor 

material and transporting it to a substrate surface. The precursor material then reacts or 

condenses on the substrate surface to form a thin film or coating. 

Spray pyrolysis (SP)88: SP is a method for synthesizing metal and metal oxide 

nanoparticles. It involves nebulizing a precursor solution and spraying it onto a heated 

substrate. The precursor droplets evaporate, react, or condense on the substrate surface to 

form the desired nanostructured material. 

Solution spray pyrolysis (SSP): SSP is an update to the spray pyrolysis method that 

involves nebulizing a precursor solution and introducing it into a heated reactor tube. The 

precursor solution then undergoes a series of chemical reactions to form the desired 

nanostructured material. This method has been used to synthesize various types of 

nanoparticles, including metal oxides, carbon-based materials, and semiconductor 

materials. 
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1.4 Optical modeling of NIR shielding particles  

1.4.1 Particle NIR optics  

As the fundamental mathematical theory of particle optics, Mie scattering describes 

how light interacts with spherical particles of different sizes and compositions. The theory 

is named after the German physicist Gustav Mie, who developed it in the early 1900s.  

According to the Mie solution, the scattering and extinction cross-section, each 

normalized to the particle geometric cross-section α (α = πd2/4), can be expressed as 

𝑄𝑠 = 𝜎s/𝛼 =
2

𝑥2
∑2𝑛p + 1𝑎n

2 + 𝑏n
2 

Equation 1-1 

𝑄e = 𝜎e/𝛼 =
2

𝑥2
∑2𝑛p + 1Re 𝑎n + Re 𝑏n 

Equation 1-2 

where x = (2π/λ)(d/2), d is the particle diameter, λ is the wavelength of the incident wave, 

and np is the order of the multipole expansion of the polarization due to charge oscillation 

inside the particle. The coefficients an and bn represent the contribution of the multipoles 

of order np. Equation 1-1 and Equation 1-2 show that if the particle diameter were much 

smaller than the wavelength of the incident light, the scattering or extinction cross-section 

would decline very fast with the decreasing particle diameter. That means the produced 

nanoparticles, with a smaller diameter than the NIR wavelength, are naturally weak in NIR 

shielding.  
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1.4.2 Modeling on particle optics  

The Mie scattering has been utilized to examine the near-infrared (NIR) optics of a 

single particle through modeling. According to the Mie theory, the refractive index or 

dielectric function is assumed to be constant and inputted at a specific wavelength. This 

allows for calculating the extinction cross-section area of a particle with a particular 

diameter for a given light wavelength. Nonetheless, the Mie scattering incident ray can 

only be applied to particles with diameters close to the light wavelength. Alternatively, the 

DDA method89 has been used to investigate the optical performance of individual particles 

using the dipole approximation for the object structure, taking into account nanoparticles. 

This method can simulate the optical characteristics of an individual particle with different 

shapes, such as spherical, cubic, or cylindrical. However, it also necessitates using the 

matter's dielectric function as an input parameter.  

1.5 Research motivation  

1.5.1 Advantages of tungsten bronze on NIR shielding  

Various functional materials could be utilized to shield NIR from penetrating through 

transparent media such as glass. The commercial NIR shielding glass coating includes 

dielectric-Ag-dielectric films, metal-free solar reflecting films, and functional particles-

imbedded film90. The dielectric-Ag-dielectric film reflects the NIR by the multiple film 

structure of Ag and dielectric oxide layers, e.g., indium tin oxide (ITO) and antimony tin 

oxide (ATO).91 Ag is applied in the layers because of its unique optical properties 92,93. Both 

ITO and Ag are expensive due to their production scale and storage.90 In addition, the 

manufacture of dielectric-Ag-dielectric films is by sputtering processing, in which highly 

precise thickness control of the Ag layer is required since the extra thickness of the Ag 
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layer would result in the dramatic reduction of visible light transmission90. Further, due to 

its high electrical conductivity, an Ag layer could reduce the signal strength of cell phones, 

GPS, and other wireless devices. The metal-free solar reflecting films' NIR shielding 

function relies on the refractive index difference of polymer layers.12 The above films 

typically have laminated construction with hundreds of layers, and the commercial 

products of the above films have been applied to the automobile since the early 2000s.90 

However, the irreversible aging of polymer-based films typically occurs because the C-C 

bond is vulnerable to high-energy UV photons in solar light. In general, the lifespan of a 

piece of high-quality metal-free solar reflecting film is ~10 years. The above makes metal-

free films unpopular in permanent cases such as architectural windows.  

Without any special film structure, the other candidates for the NIR shielding are 

functional-particle-imbedded films. Examples of these functional particles are rare-earth 

hexaboride (ReB6, Re = La, Ce, Pr, Nd, and Gd) and tungsten bronze (MxWO3 M = Cs, Ru, 

K, NH4) in the previous studies.48,49,54,72,94,95 The performance of rare-earth hexaboride 

particles is related to the particle size because the NIR absorption is based on the localized 

surface plasma resonance (LSPR) of conduction electrons.49 Particles in a certain size range 

exhibit effective NIR shielding. The wavelength range for shielding NIR is also selective 

for the above particles.49,94 Different from the LSPR mechanism, tungsten bronzes 

(MxWO3, M = Li, Na, K, Ru, Cs) particles shield the NIR via the insertion of alkali ion 

into tungsten oxide crystal lattice to form a solid solution, which is commonly observed in 

either the cubic or tetragonal crystal phase. Due to the ternary addition of positive ions, 

free electrons are induced to interact with photons by dipole absorption, which is why 

general wide-range NIR absorption by tungsten bronze.96,97 Furthermore, as a family 
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member of tungsten trioxide, tungsten bronze is insoluble in water and all acids except 

hydro fluoride. That means that tungsten bronze is chemically stable in the room or outside 

environment.  

1.5.2 Issues for tungsten bronze synthesis  

In the most popular investigated NIR shielding materials in recent ten years, since the 

high transmittance on visible light and excellent absorption on the full range of NIR, 

tungsten bronze is the most promising next-generation solar filtering material. However, 

commercial tungsten bronze products are far from becoming superior products in the solar 

filtering market. It is due to the inefficient preparation methods of tungsten bronze. In 

comparing multiple NIR shielding materials, including noble metals, metal oxides, 

lanthanum hexaboride, and tungsten bronze, tungsten bronze can shield the full range of 

NIR by its dual mechanism. The others need to be composited with the second matter to 

work on the whole range of NIR shielding. When the tungsten bronze particles are coated 

on the transparent media, no specific microstructure, like multilayers, is necessary for its 

work. In some recent research, building models with the coated window can have an indoor 

temperature 20 to 30 degrees Celsius lower than the ordinary one under the same simulated 

solar radiation.69  

For the materials processing part, four methods have been applied to produce tungsten 

bronze, sputtering, solvothermal, grinding, and flame pyrolysis. However, all of them have 

some shortages. The sputtering method needs high investment in equipment. The 

solvothermal method has an advantage in product quality but with enormously time-

consuming. The grinding method is energy-intensive and easily impurified. The flame 



21 

 

pyrolysis method is highly efficient but short in particle properties consistency. So, it is 

magnificent to have an efficient way to produce tungsten bronze.  

1.5.3 Aerosol synthesis of Tungsten bronze particles  

For the reasons above, we want to investigate a method with such merits: scalable, one-

step, toxic-agent-free, size-tunable, rapid, and continuous, to synthesize high-quality 

nanoparticles of tungsten bronze for NIR shielding. The aerosol-based method can meet 

the requirements. The method has been utilized to produce particles from the sub-

micrometer to the nanometer size range.47 Since its continuous operation98 and product 

quality reproducibility,99 an aerosol-based process is considered very suitable for scale-up 

production. Furthermore, the product’s properties vary with the reaction temperature, flow 

rate, and chemical composition of precursor solutions in aerosol-assistant synthesis.99 

Without grinding processing and after procedures, aerosol-based processing is more saving 

in energy consumption. Therefore, it is significant to investigate a novel method based on 

aerosol technology to produce tungsten bronze nanoparticles.  

1.5.4 Effect of precursors and solvents  

In metal oxide synthesis, the precursor and solvent are the two major impactors for the 

synthesized product's efficiency and cost. In the synthesis of tungsten bronze, the precursor 

directly determines the chemical composition of the final product. Otherwise, the species 

of tungsten bronze mainly differ in the doping cation, including all of the alkali metals, in 

which sodium, potassium, and cesium are the most common in practice. Thus, further 

investigation on the precursor is highly valuable to extend the complexity of the aerosol 

synthesis of tungsten bronze.  
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Alcohol-based solvents are widely selected in liquid-phase methods to prepare tungsten 

bronze particles. However, organic solvents are costly and not environmentally benign. 

Alternatively, DI water can serve as a solvent in preparing tungsten bronze particles in the 

hydrothermal method77. Thus, replacing organic solvents with cheap and environmentally 

friendly solvents, e.g., water, in the aerosol-assisted method is required to make it more 

feasible, economical, and environmentally benign for the scale-up preparation of tungsten 

bronze particles. 

1.5.5 Effect of particle size  

Most works on tungsten bronze NIR shielding concern the elemental composition and 

crystal phase effects on shielding performance. However, the particles’ size is the primary 

influence because the LSPR effect is the major contributor to the shielding performance6. 

Therefore, tungsten bronze NIR shielding performance may be more sensitive to particles’ 

size than any other impactors. It is necessary to confirm the correlation between tungsten 

bronze’s particle size and optical properties. Flow operation based on particle size is one 

feature of aerosol-based processing. Obtaining the desired particle size using the aerosol-

based method to synthesize the particle products is much more convenient.  

1.5.6 Optical modeling of NIR shielding particles  

Although the research on the NIR optics for tungsten bronze particles has been reported, 

all the modeling works only focused on individual particles, not on an ensemble of particles. 

In the meantime, NIR shielding particles are randomly suspended in a transparent carry 

matrix. For a coating of particle-suspended media, the variation of the coating thickness is 

inevitable, which may make the volumetric packing density in the layer significantly 
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change. The effect of particle packing density on the optics of tungsten bronze particles has 

not been investigated.  
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Chapter 2. Experimental setups for the aerosol synthesis of 

tungsten bronze particles 

2.1 Introduction  

Wöhler reported the initial synthesis of tungsten bronze via the thermal reduction of 

fused salts.100 The thermal reduction method later produced various tungsten bronzes 

(MxWO3, M = Li, Na, K, Ru, Cs).101–103 Combining with electrolysis, the high-quality 

crystal in millimeters of tungsten bronzes with the tuned x in MxWO3 were produced.73,104 

The melt salt reaction generally requires high temperatures and produces macro (~ 3 cm) 

bulk products. However, for the coating applications, micro- or nano-particles are more 

friendly to the processing (compared with macro products). Grinding large crystals into 

powder form is expensive in energy and easily contaminated. The wet chemical method 

has thus been used first to prepare the sol-gel precursor composed of amorphous tungsten 

oxide and then to obtain the tungsten bronze powder through the thermal hydrogen 

reduction (M0.33WO3, M = Tl, Rb, Cs).97 By the time-consuming solvothermal reaction, 

the nanoparticle of tungsten bronzes (MxWO3, M = K, Ru, Cs, NH4) was directly 

synthesized at low temperatures.54,72,95,105 Although multiple methods were proposed to 

produce tungsten bronze particles, the worldwide production of tungsten bronze powders 

remains extremely low. The processing methods, including melting salt, powder grinding, 

hydrothermal, and calcination, are energy costly and time-consuming. Such discontinuous 

processing is difficult to scale up the production rate.  
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Aerosol-based processing has produced particles in the sub-micrometer and even 

nanometer size range.47 Because of its continuous operation at a high rate,98 and the high 

reproducibility for product quality and purity,99 the aerosol-based process is often 

considered a conventional method for large-scale nanomaterial manufacturing. 

Furthermore, the characteristics of particles could be controlled in tube reactors by varying 

the tube temperature, flow rate, and chemical composition of solutions in aerosol-based 

synthesis.99 To make the synthesis of tungsten bronze feasible for future large-scale 

production, the flame-assistant method was proposed in the work of Hirano62 for producing 

cesium tungsten bronze particles. In his report, the precursor can be continuously produced 

by flame-assistant synthesis. However, another individual annealing remains necessary to 

promote the crystallinity and eliminate the multiple phases. Further, his work uses cesium 

as the doping ion in the tungsten oxide. Since the natural abundance of cesium is very low, 

the price of cesium compound is very high for large scaling producing of NIR shielding 

materials. So, to make the tungsten oxide bronze feasible for industry-scale production for 

NIR shielding, a simple one-step method can continuously produce crystallized and 

monophasic products from cheap raw resources is still a challenge. Also, similar needs are 

found in electrochromic and gas-sensing nanomaterials, which rely on crystalline tungsten 

oxide compounds.  

This chapter introduces the experimental setups used in the aerosol synthesis of 

tungsten bronze particles. The prototype, which is the droplet-based process, can efficiently 

synthesize sodium tungsten bronze particles in a crystalline and single phase. The effect of 

the particle crystal phase on the optical property was investigated by varying the 

composition of precursor solutions. The near-infrared absorption property of as-
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synthesized sodium tungsten bronze nanoparticles in cubic and tetragonal phases was 

evaluated. Otherwise, the trials on the setups are also included in this chapter, including 

the different flow configurations and furnace settings.  

2.2 Summary of setups in the experiment 

2.2.1 Prototype  

 

Figure 2-1. Schematic diagram of the experimental setup for producing sodium tungsten bronze nanoparticles. The photo 

of part of the setup is shown in Figure 0-1 in Appendix. 

Figure 2-1 shows the schematic diagram of the experimental setup for preparing 

sodium tungsten nanoparticles. The system utilized a custom-made Collison atomizer to 

generate the polydisperse droplets from the precursor solutions. Different from a typical 

Collison atomizer in which the spray solution is kept in the spray chamber, the spray 

solution (#0) is fed to the spray nozzle of this atomizer from a syringe driven by a syringe 

pump (NE-1000, New Era Pump Systems). The compressed N2 gas was used as the spray 

and carried flow to operate the atomizer. The pumping rate was set at 300 µL/min. The 

pressure of nitrogen carrier gas flow was set at 25 psi, resulting in a flow rate of ~ 2 SLPM 

(Standard Liter Per Minute). 
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The #0 solution is the mixture of two solutions A and B, in different percentages by 

volume. Solution A was prepared by dissolving the 7.93 g (0.02 mol) of tungsten chloride 

(WCl6, Acros Organics) and the 1.16 g (0.02 mol) of sodium chloride (NaCl, Acros 

Organics) in 1000 mL methanol (CH3OH, Alfa Aesar). The above solution was sealed in a 

bottle for continuous stirring for 3 days (at room temperature). Solution B was prepared in 

the same process as described without adding sodium chloride. All these solutions are 

sealed in glass bottles and stored in a chemical closet at room temperature. The molar Na/W 

ratio of the test #0 solution is summarized in Table 2-1. The #0 solution was transferred to 

a syringe for the experiments.  

Table 2-1. The summary of the Na/W ratio in the precursor solution (#0 in Figure 2-1).  

Na/W atomic ratio in #0 solution  1.0 0.8 0.6 0.5 0.4 0.3 0.2 0 

Solution A (vol %) 100 80 60 50 40 30 20 0 

Solution B (vol %) 0 20 40 50 60 70 80 100 

 

Before entering the high-temperature tube furnace, the produced droplet stream in the 

atomizer was mixed with two other nitrogen flows (#1 and #2) while keeping the total flow 

rate of #1 and #2 at 500 SCCM (Standard CC per Minute). The #2 nitrogen flow bubbled 

through DI water kept in a container to carry water vapor. The DI water container was kept 

at 55 oC. At the temperature, the moisture concentration in the #2 flow is 0.23 g·L-1. The 

moisture concentration is measured by weighing the water mass loss in the DI water 

container at a specific time (1 hour). We assume all the water loss contributes to the flow's 

moisture concentration. The specific moisture concentration in the total flow under 
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different #1 and #2 flow rates were given in Table 2-2 for reference. Mass flow controllers 

controlled all the nitrogen flow rates.  

Table 2-2. The concentration of moisture in the carry flow at different rates (tested in this study).  

#1 Flow rate (SCCM) 500 400 300 200 100 0 

#2 Flow rate (SCCM) 0 100 200 300 400 500 

Moisture content. in total flow (0.01 g·L-1) 0 0.92 1.84 2.76 3.68 4.60 

 

The mixed flow in the total rate of 2.5 SLPM was then directed into a quartz tube placed 

in a high-temperature tube furnace (LINDBERG 1200C, Thermo Scientific). The retention 

time for the particle stream in the furnace was estimated at ~10 s. The furnace setting 

temperature was varied from 350 to 800 oC. The as-produced particles were collected on a 

filter medium (Glass fiber filter, Pall Corporation) and placed in a filter holder installed at 

the exit of the tube furnace. The collection flow rate was 2.5 SLPM via a critical orifice 

and a vacuum pump. An additional opening line was also included in the setup to ensure 

the inlet of the filter holder was near the ambient pressure.  

To characterize sample particles, the XRD patterns of the particles were measured by 

X’Pert PRO PANanalytical. The images and EDX spectrum of the samples were taken by 

Hitachi FE-SEM Su-70. We place a piece of glass slide in the outlet of aerosol flow, just in 

parallel with the flow, to load the particles for SEM. The XPS spectrum was analyzed by 

PHI VersaProbe III Scanning XPS Microprobe. The UV-Visible-NIR spectrum was 

measured by the M-2000 Ellipsometer (J.A. Woollam). The particles are dispersed in 

collodion/IPA (5 wt%) solution. The concentrations of particles are adjusted to maintain 

the transmittance at the NIR range equal to each other. Then 5 mL solution is spread onto 
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a 2 in × 2 in glass slide to form a homogenous film. The size distribution of particles was 

measured by scanning mobility particle sizers (SMPS, TSI model 3080 & CPC 3775).  

Note that when using the above setup to produce sodium tungsten bronze particles, the 

#0 solutions in the Na/W ratio of 1.0 and 0.4 were used since the particle samples under 

such conditions are just in the mono phase of cubic and tetragonal, respectively. The #2 

flow rate was kept at 0.5 SLPM in both cases.  

 

Figure 2-2. Size distributions of particles, measured by SMPS: (a) at the entrance and (b) at the exit of the tube furnace 

in the case of spraying the precursor solution (#0); (c) at the entrance and (d) at the exit of tube furnace in the case of 

spraying the methanol only. 

To understand how sodium tungsten bronze particles were transformed from droplets 

produced by the spray, we measured the size distributions of particles before and after the 

high-temperature tube furnace. In addition to the precursor solutions (i.e., with a salt 
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concentration of only 0.02 M), methanol only was used in this part of the investigation, 

which serves as both solvent and reduction agent. Figure 2-2a and c show the size 

distribution of particles prior to entering the tube furnace when spraying the precursor 

solution and pure methanol, respectively. The difference in the size distributions of 

particles shown in Figure 2-2a and c represents the particles of salt solute initially dissolved 

in the precursor solution. Compared to that shown in Figure 2-2c, the size distribution 

shown in Figure 2-2a has a much higher number concentration and larger peak particle size 

(although the shape characteristics of both size distributions are similar). 

Figure 2-2b and d are the size distributions of particles measured by SMPS after the high 

temperature when spraying the precursor solution and pure methanol, respectively. Once 

passing through the furnace, the peak and number concentration of the particle size 

distribution initially produced by spraying the methanol was significantly reduced 

(compared with that shown in Figure 2-2c). Moreover, the peak and shape of the particle 

size distribution initially produced by spraying the precursor solution (shown in Figure 

2-2b) slightly changed compared to that in Figure 2-2a, while the number concentration 

significantly declined. That means the aerosol droplets totally vaporize at high 

temperatures and then form the sodium tungsten bronze particles as produced because of 

the dramatic difference between the particle concentration at entering and exiting the 

furnace.  
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2.2.2 Setup with the flow stabilizing system  

 

Figure 2-3. Schematic diagram of the experimental setup with PID control to stabilize the flow for producing tungsten 

bronze nanoparticles.  

In particle production, we found that the filter's pressure drop increases with the loading 

process. The aerosol flow passing through the filter would decline with the increasing 

pressure drop of the filter. Thus, if the extraction force could compensate for the lost 

pressure drop, the flow passing through the filter could be maintained stable. Moreover, 

for the prototype in Figure 2-1, the corrosive byproduct harms the mass flow control on the 

tail.  

Therefore, as shown in Figure 2-3, the PID control with a pressure sensor was added to 

the setups. Furthermore, the extracting method was replaced by an injector.  It could 

maintain the flow according to the set pressure and feedback to the pressure changing by 

controlling the input flow on the injector. The injector could offer a higher vacuum with 

the increased input flow. This way, the system's total flow could be fixed at a configurated 

value. In Figure 2-3, Flow 1 is 1.0 SLPM, which passes through the water (the water 

temperature is 60 degrees Celsius) to offer moisture. Flow 2 is 3.0 SLPM injected into the 

atomizer. Flow 2 carries the precursor solution's aerosol and mixes it with Flow 1 before 

entering the furnace. The solution can be the precursor to synthesize the sodium, potassium, 

and cesium tungsten bronze particle, which will be discussed in the next chapter. The filter 

at the tail collects the produced particles. Also, other collectors can replace the filter, which 

we will discuss in Chapter 4. The other setups shown in the following text in this 
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dissertation are with the PID controlling system by default, even though the system is not 

sketched in the schematic.  

2.2.3 Setup with a nebulizer to create precursor aerosol  

 

Figure 2-4. Schematic diagram of the experimental setup with a nebulizer as the precursor aerosol creator. (The flow 

stabilizing system, e.g., PID controlling system, is omitted in this graph. The solvent of the precursor used in this setup 

is water. The gas of the Flow is composed of 87.5% N2 and 12.5% H2.)  

Figure 2-4 shows the setup with the nebulizer as the precursor creator. The nebulizer 

creates the aerosol by ultrasonic vibration, while the atomizer creates the aerosol by 

collision. The size distribution by mass of the aerosol droplets created by the nebulizer is 

mainly in the range of micrometers. It differs from the size distribution created by the 

atomizer; for example, the size distribution in Figure 2-2 is mainly in the nanoscale. 

However, the tungsten bronze particles produced by the nebulizer is nearly the same as the 

particle produced by the atomizer because the furnace temperature can fully vaporize the 

droplet entering the heating zone. Otherwise, the ultrasonic vibration in the nebulizer could 

increase the temperature inside the precursor chamber, which may change the properties of 

the precursor solution. Thus, a cooling system should be attached to the chamber. The photo 

of the nebulizer is shown in Figure 0-2 in the Appendix.  
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2.2.4 Setup with a dilution flow system  

 

Figure 2-5. Schematic diagram of the experimental setup with dilution flow. (The flow stabilizing system, e.g., PID 

controlling system, is omitted in this graph. The solvent of the precursor used in this setup is methanol. The gas of the 

Flow is composed of 87.5% N2 and 12.5% H2.)  

Furthermore, to archive the goal of investigating the size effect of tungsten bronze 

particles on the NIR shielding performance, we introduce the dilution flow into the setup 

to make the particle size distribution more controllable or find a solution to synthesize the 

tungsten bronze particle with tuned sizes. As shown in Figure 2-5, a third flow, Flow 3, 

was introduced in the system. Flow 3 enters the system near the end of the furnace heating 

zone. Flow 3 is a clear flow to dilute the produced particles to reduce the agglomeration 

between particles. The other two flows, Flow 1 and Flow 2 act as the same function as in 

Figure 2-3. Flow 2 (about 2 SLPM) carries the aerosol created by the atomizer. Flow 1 

(about 0.5 SLPM) carries the moisture created by the heated water bottle. The produced 

tungsten bronze particles are collected by a filter at the tail.  
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Figure 2-6. Particle size distribution under different dilution flow ratios (dilution flow rate / aerosol flow rate) equal 2/1, 

6/1, and 10/1).  

Figure 2-15 shows the size distribution of the particles produced under the dilution flow. 

The ratio of dilution flow to the aerosol flow equals 2/1, 6/1, and 10/1. It is found that the 

peak size of the particle decreases with the increased dilution flow. It means that the 

dilution flow declines the agglomeration of the particles. However, the peak size shift is 

only several nanometers, and the distribution valley also moves little. Therefore, it seems 

very difficult to change the size distribution only relying on the dilution.  

2.3 Conclusion  

The setups in this chapter are the major types used in our experiment. The mass flow 

controllers are used to control the flow rate precisely. The water bottle with heating offers 

moisture if required in the specific chemical reaction. Pure nitrogen, or the mixture with 

hydrogen, is used as the carrier gas in the setup. The precursor aerosol creator can be an 

atomizer or nebulizer, and both two types of the aerosol generator are compatible with the 

synthesis process. The flow stabilizing system based on PID control has been applied to 

the setup. The injector replaces the mass flow controller as the controlling extractor to 

avoid corrosion to the equipment on the tail. The effect of the dilution flow on the size of 

produced tungsten bronze particles can be observed but is very limited.  
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For example, a droplet-assisted synthesis process was introduced in the prototype setup 

to produce sodium tungsten bronze particles in one step continuously. In the process, the 

precursor solution was atomized and turned into droplets. The droplets carried by the N2 

flow were mixed with the partially saturated N2 flow before entering the high-temperature 

tube furnace. The produced sample was then collected at the exit of the furnace via the 

filtration method. Via the measurement of particle size distribution before and after the tube 

furnace, it is found that the precursor droplet vaporized in the furnace and then formed the 

crystalline sodium tungsten bronze particle.  
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Chapter 3. Precursors and solvents for the aerosol synthesis 

of tungsten bronze particles 

3.1 Introduction  

This chapter introduces the precursor and solvent used in our study of aerosol synthesis of 

tungsten bronze particles.  

3.1.1 Species of different tungsten bronze species  

The tungsten bronze includes several species, separated by the different doping alkali 

metal ions in the WO3 crystal lattice. The doping alkali metal ion can be Li, Na, K, Ru, and 

Cs. In such species, cesium tungsten bronze (CsxWO3) is the most frequently researched in 

many studies. However, due to the limited abundance of cesium on the earth, the price of 

such material containing cesium may be very high if widely applied. Thus, tungsten bronze 

with doping ions such as Na and K is valuable for investigating better NIR shielding 

performance.  

Not only the chemical composition of doping alkali metal ions but also the multiple 

crystal phases exist for tungsten bronze. Because of the different distortions caused by the 

doping in the WO3 lattice, a specific chemical composition of tungsten bronze can have 

several different crystal structures, e.g., the tetragonal and cubic phases of sodium tungsten 

bronze.  

3.1.2 Precursor and solvents in the synthesis of tungsten bronze  

For the precursor and solvent in the aerosol synthesis of tungsten bronze, the previous 

research on tungsten bronze preparation can anticipate the chemical reaction in aerosol 
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synthesis. For tungsten bronze synthesis with a precursor, such as hydrothermal and 

solvothermal methods, the hydrolysis and reduction processes happen in the formation of 

tungsten bronze. Table 3-1 shows that the combination of salts containing alkali or tungsten 

and a reductive regent is the common solution for the tungsten bronze synthesis in previous 

studies. Therefore, such a combination would be similar and can be processed into aerosol 

or gas status. The homogeneity of regents in precursor solution is a high requirement for 

the reaction in the aerosol or gas. So the solubility of such salt regent should be enough in 

the precursor solvent.  

Table 3-1. Summary of the precursor for preparing tungsten bronze particles.  

Reference  Precursor  

Y. T. Zhu and 

Manthiram 

(1994) 74 

NaBH4, Na2WO3, aqueous 

solution 

J. -X. Liu et al. 

(2010) 67 

WCl6, CsOH, ethanol 

aqueous solution 

Guo, Yin, 

Huang, Yang, et 

al. (2011) 72 

WCl6, CsOH, ethanol 

solution 

Guo, Yin, 

Huang, and Sato 

(2011) 58 

K2WO4, K2SO4, aqueous 

solution 

Guo, Yin, Yan, 

and Sato (2011) 
66 

WCl6, CsOH, ethanol 

solution 

Guo, Yin, and 

Sato (2012) 54 

NaBH4, Na2WO3, aqueous 

solution 
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Gao and Jelle 

(2013) 75 

Na2WO3, Na2SO4, oxalic 

acid aqueous solution 

J.-X. Liu et al. 

(2013) 68 

WCl6, CsOH, ethanol 

solution 

Luo et al. (2013) 
55 

Na2WO4, HCl, citric acid, 

aqueous solution 

J. Liu et al. 

(2014) 63 

Na2WO4, Cs2CO3, citric 

acid, aqueous solution 

Shi et al. (2014) 
60 

Na2WO4, Cs2CO3, citric 

acid, aqueous solution 

Guo et al. (2015) 
76 

WCl6, oleylamine, oleic 

acid solution 

J.-X. Liu et al. 

(2015) 61 

WCl6, CsOH, ethanol 

solution 

Wu et al. (2015) 
17 

WCl6, CsOH, ethanol 

solution 

Zeng et al. 

(2015) 77 

WO3, Cs2CO3, powders 

Machida and 

Adachi (2016) 65 

Cs salt and W salt 

Chen et al. 

(2018) 78 

WO3, Cs2CO3, powders 

Hirano et al. 

(2018) 62 

(NH4)10(W12O41)5H2O, 

Cs2CO3, aqueous solution 
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Qi et al. (2019) 
71 

WCl6, CsOH, benzyl 

alcohol solution  

Linyuan, 

Mingqing, and 

Yong (2020) 79 

H2WO4, CsSO4,  

Nakakura et al. 

(2020) 80 
(NH4)10(W12O41)･5H2O, 

Cs2CO3, aqueous solution  

Yi et al. (2020) 
82 

WCl6, CsOH, ethanol 

solution 

Chao et al. 

(2021) 56 

NaOH, WCl6, benzyl 

alcohol solution 

Shen, Ding, et al. 

(2021) 69 

(NH4)6H2W12O40⋅aH2O, 

Cs2CO3, tartaric acid, 

ethanol solution  

Shen, Wang, et 

al. (2021) 33 

WCl6, CsOH, ethanol 

solution 

Wang et al. 

(2014) 83 

(NH4)2WO3, (NH4)2MoO3, 

ethylene glycol solution 

 

3.2 Effect of precursor and solvent  

According to the requirements mentioned above, the combinations of regent in our 

precursor are MCl (M = Na, K, Cs) and WCl6 with alcohols (methanol or ethylene glycol) 

solvent, or MCl (M = Na, K, Cs) and (NH4)2WO3 with water solvent. Because tungsten 
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chloride (WCl6) has a relatively high solubility in methanol (MeOH) and ethylene glycol 

(EG), while alkali chloride, MCl (M = Na, K, Cs), also has a considerable solubility in 

MeOH or EG. For MCl (M = Na, K, Cs) + (NH4)10H2(W2O7)∙xH2O + water, the situation 

is almost the same as the former combination. The difference is that a reductive regent, 

hydrogen, is required in the synthesis. Additionally, water as the solvent is cheaper and 

more environmentally friendly.  

3.2.1 Doping alkali metal ions in the aerosol synthesis of tungsten bronze particles  

By adding the different alkali chloride salt into the precursor solution, we can obtain 

the different species of tungsten bronzes, including the NaxWO3, KxWO3, and CsxWO3. 

Figure 3-1, Figure 3-2, and Figure 3-3 display the XRD pattern of the three produced 

species of tungsten bronze. From the XRD patterns in those figures, it can be found that 

there are few peaks of byproducts, which can prove the quality of the produced tungsten 

bronzes. Moreover, such results can be obtained by different combinations of precursors 

and solvents.  

 

Figure 3-1. XRD pattern of produced cubic sodium tungsten bronze particles.  
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As shown in Figure 3-1, the sodium tungsten bronze particles in the cubic phase are 

synthesized by precursor, the aqueous solution dissolving NaCl and 

(NH4)10H2(W2O7)∙xH2O. Also, similar sodium tungsten bronze particles are produced via 

another precursor, which solvent is methanol or ethylene glycol. The XRD patterns of 

sodium tungsten particles synthesized through the methanol-based precursor are shown in 

Figure 3-10. It also shows negligible byproducts in the samples. The ratio of the doping 

element, sodium (Na), to the tungsten (W) is about 0.7 in the precursor solution for both 

cases.  

 

Figure 3-2. XRD pattern of produced hexagonal potassium tungsten bronze particles. 

Figure 3-2 shows the XRD pattern of produced potassium tungsten bronze particles. It 

also shows a high quality for little byproduct exists in the sample. Moreover, the atomic 

ratio of potassium to tungsten is about 0.3 in the precursor solution, which is KCl and 

(NH4)10H2(W2O7)∙xH2O aqueous solution. If the synthesis was undergone through other 

solvents, e.g., ethylene glycol, the ratio K/Cl is also about 0.3 with the same product.  
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Figure 3-3. XRD pattern of produced hexagonal cesium tungsten bronze particles.  

Figure 3-3 shows the XRD pattern of produced cesium tungsten bronze particles. It 

also shows high quality, like those in Figure 3-1 and Figure 3-2. The atomic ratio of cesium 

(Cs) to tungsten (W) is about 0.3 in the precursor, which is a water-based solution 

dissolving CsCl and (NH4)10H2(W2O7)∙xH2O. The same result could be obtained under the 

same ratio of Cs/W for the synthesis via other solvents.  

In our study's aerosol synthesis of tungsten bronze particles, the doping alkali ion 

species directly result in a specific species of tungsten bronze. Even within different 

precursors and solvents, a specific atomic ratio of M/W (M = Na, K, Cs) can produce a 

stable result with high quality.  
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3.2.2 Chemical reactions with methanol as the precursor solvent  

 

Figure 3-4. EDX data of sample particle products obtained at the moisture flow rate (#2 in Fig. 1)) of (a) 500, (b) 400, 

(c) 300, (d) 200, (e) 100, and (f) 0.0 SCCM. The tube furnace temperature was at 800 oC. The Na/W ratio is kept at 1.0. 

When methanol serves as the precursor solvent, it also acts as the reductive regent. Due 

to the hydrolyzing process in the reaction, it requires water/moisture in the synthesis. Thus, 

there is a water/moisture source in the setup for the methanol solvent, for example, the ones 

in Figure 2-1 and Figure 2-5. Figure 3-4 shows the EDX data of sample products obtained 

through the setup in Figure 2-1, under the various flow rates (#2) passing through the DI 

water bottle. The series of EDX data evidence that the chlorine in the sample products 

increases from 0.28 wt% to 5.46 wt% with the decrease of the moisture concentration (via 

the decrease of #2 flow rate). Based on the above finding, the entire reaction in the tube 

reactor could be expressed in the following Equation 3-1:  

𝑊𝐶𝑙6 + 𝑥𝑁𝑎𝐶𝑙 +
𝑥

6
𝐶𝐻3𝑂𝐻 + (3 +

𝑥

6
)𝐻2𝑂 → 𝑁𝑎𝑥𝑊𝑂3 +

𝑥

6
𝐶𝑂2 + (𝑥 + 6)𝐻𝐶𝑙 

Equation 3-1 

In Equation 3-1, the WCl6 hydrolyzes with H2O to form tungsten oxide in the presence of 

Na+. Since the Na+ atom is smaller than the void in the ReO3 lattice of tungsten oxide, the 
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sodium can easily diffuse into the lattice. According to the reaction, when there are no 

sufficient water molecules, the reaction would result in additional chloride salt residue. As 

shown in Figure 3-4, the chlorine weight percentage increases with the moisture flow rate 

(#2 in Figure 2-1) decreases. Additionally, because the methanol is strongly reductive, it 

reduces the tungsten from VI valence to lower ones such as V or IV, similar to the hydrogen 

thermal reduction in other previous works62. The difference between our work and the 

previous ones is using methanol as the solvent and the reductant.  

 

Figure 3-5. The schematic diagram of the experimental setup for verifying the reductive role of methanol used in the 

process. 

To investigate the reductive effect of methanol, the oxygen flow rate was added to mix 

with the particle flow before entering the tube furnace (Figure 3-5). Introducing oxygen 

will reduce the reductivity of the reacting flow, preventing the W (VI) from being reduced 

to the lower valence. Figure 3-6 shows the XRD data of particle samples using the 

precursor solutions in different Na/W ratios in the setups (in Figure 3-5). It is observed that 

the metal state of tungsten always presents in the sample products obtained using precursor 

solutions of various Na/W ratios when there is ~8% oxygen in the total flow rate, and no 

crystal structure in the products were observed when the oxygen percentage is above or 
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below 8%. The above finding indicates that the redox potential of methanol is not sufficient 

to reduce the W (VI) to the metal state (0). Alternatively, the redox potential of 

intermediates might be capable. We hypothesize the intermediate is formaldehyde, whose 

redox potential is higher than methanol106. Under a certain low concentration, the oxygen 

partially oxidizes methanol into formaldehyde. The W (VI) could thus be reduced to the 

metal state by the formaldehyde. It is concluded that methanol is a good candidate for 

serving as the solvent and reducing agent in the studied synthesis of sodium tungsten 

bronze because it can reduce the W (VI) to W(V) or W (IV) without over-reduction.  
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Figure 3-6. Powder-XRD data of the particle products obtained when spraying the precursor solutions with the Na/W 

ratio of (a) 1.00, (b) 0.80, (c) 0.60, (d) 0.40, (e) 0.20, and (f) 0.00, and under the oxygen volume ratio in total flow was 

0.00, 0.04, 0.08, 0.12 and 0.16. 

Based on the result and hypothesis above, we try to synthesize the other species of 

tungsten bronze using methanol as the solvent. However, we found that: (1). The mole 

solubility of KCl in methanol is much smaller than NaCl, which makes the methanol not 

proper as the solvent for KCl; (2) The CsCl is soluble in methanol, but the solution breaks 

the stability when the WCl6 was mixed into the methanol solution, to form precipitation 
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with pink color. Therefore, the methanol solution cannot serve as a solvent for the precursor 

in potassium and cesium tungsten bronze synthesis.  

3.2.3 Chemical reactions with ethylene glycol as the precursor solvent  

As another choice of an alcohol solvent, ethylene glycol (EG) can dissolve considerable 

amounts of NaCl, KCl, and CsCl. Additionally, the solubility of WCl6 is high enough 

(nearly as high as 0.5M for the highest mole concentration) in EG. Thus, EG can be a 

solvent for the three precursors in synthesizing sodium, potassium, and cesium tungsten 

bronze. Similarly, EG is a reductant like methanol, so the reaction can be listed below.  

𝑊𝐶𝑙6 + 𝑥𝑀𝐶𝑙 +
𝑥

10
𝐶2𝐻4(𝑂𝐻)2 + (3 +

2

10
𝑥)𝐻2𝑂 → 𝑀𝑥𝑊𝑂3 +

2𝑥

10
𝐶𝑂2 + (𝑥 + 6)𝐻𝐶𝑙 

Equation 3-2 

When the precursor solvent is EG,  we used the setup shown in Figure 2-3 for the synthesis. 

The flow configuration is just described in Setup with the flow stabilizing system. The 

precursor solution can be pumped into the atomizer to generate the aerosol flow. The 

injection rate for the precursor solution into the atomizer is about 15 μL/min. The 

concentration of WCl6 in the EG solution can be as high as 0.5 M. The Na/Cl, K/Cl, and 

Cs/Cl atomic ratios are 0.7, 0.3, and 0.3, respectively, the same as the methanol cases. The 

furnace temperature is 750 oC.  
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Figure 3-7. XRD pattern of produced cubic sodium tungsten bronze particles via EG-based precursor.  

 

 

Figure 3-8. XRD pattern of produced hexagonal cesium tungsten bronze particles via EG-based precursor.  

Figure 3-7 shows the XRD patterns of produced sodium tungsten bronze particles. 

While Figure 3-8 shows the one for cesium tungsten bronze particles. From both two results, 

it can be found that byproducts like NaCl, WO3, and H2O7W2 (a hydrate of WO3) exist in 

the samples. Compared with the cases of methanol (XRD of NaxWO3 in Figure 3-10) or 

water-based precursor solution (XRD of NaxWO3 in Figure 3-1 and CsxWO3 in Figure 3-3), 
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the product via EG-based precursor has more impurities than the methanol-based and 

water-based. Because of the high viscosity and high boiling point of EG solution, EG-based 

precursor solution is more difficult to be atomized into aerosol and needs a longer time to 

be fully vaporized. All those would cause the incompletion of the reaction and leave more 

impurities in the product. So obtaining the product with the same quality as methanol or 

water-based precursor may require more reaction time for EG-based precursor in the 

aerosol synthesis of tungsten bronze particles.  

3.2.4 Chemical reactions with water as the precursor solvent  

Water, a cheap and environmentally friendly solvent, is our target precursor solvent in 

our study. The source of tungsten, ammonium paratungstate ((NH4)10H2(W2O7)∙xH2O), and 

alkali chloride (MCl, M = Na, K, Cs), both are soluble in the aqueous solution. The 

atomizers and nebulizers designed for the aqueous solution are widely manufactured and 

applied. Thus, a water-based precursor solution can be flexible with different aerosol 

generation devices. The experiments conducted via the setup in Figure 2-4 and Figure 2-5 

have water as the precursor solvent. Hydrogen is required to act as the reductant in the 

reaction. The reaction for the aerosol synthesis of tungsten bronze particles via water-based 

precursor can write below. (M = Na, K, and Cs) 

(𝑁𝐻4)10𝐻2(𝑊2𝑂7)6 ⋅ 𝑥𝐻2𝑂 + 6𝑦𝐻2 + 12𝑦𝑀𝐶𝑙

→ 12𝑀𝑦𝑊𝑂3 + (𝑥 + 6)𝐻2𝑂 + 10𝑁𝐻3 + 12𝑦𝐻𝐶𝑙 

Equation 3-3 

As shown in Figure 3-1, Figure 3-2, and Figure 3-3, the produced NaxWO3, KxWO3, and 

CsxWO3 all come from the precursor in an aqueous solution. The little byproducts shown 
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in the XRD patterns demonstrate the ability to produce high purity and crystallinity of 

tungsten bronze particles.  

Furthermore, more details of the water-based synthesis of sodium tungsten bronze 

particles also be discussed in Chapter 4, which includes the formation of the particle in 

different sizes via the water-based precursor solution.  
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3.2.5 Effect of M/W (M = Na, Cs) ratio in the precursor solution  

 

Figure 3-9. Comparison of the experimental and simulated patterns of powder-XRD for the sample products obtained 

when spraying the precursor solutions with the Na/W ratio of (a) 1.00; (b) 0.80; (c) 0.60; (d) 0.50; (e) 0.40; (f) 0.30; (g) 

0.20 and (h) 0.00. The sample in (a) and (e) are cubic phase and tetragonal phase, specifically. 
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To study the effect of the Na/W ratio on the crystal phase and crystallinity of the products, 

the XRD data of powder samples obtained in the cases of spraying precursor solutions (#0 

in Figure 2-1) in different Na/W ratios were analyzed by the XRD simulation. The sample 

products under the analysis were obtained at the furnace temperature of 800 oC, while the 

highest temperature inside the furnace tube was 853 oC. Figure 3-9 compares the simulated 

and measured XRD data of sample products. It is found that, with the decrease of the Na/W 

ratio in the precursor solution, the percentage of the sample in the cubic phase is decreased, 

and the percentage in the tetragonal phase is increased. Because the sodium atom acts as 

the padding material inside the scaffold of WO3 to support the structure (i.e., with sodium 

atoms occupying the vacancy of the ReO3 structure of WO3), the crystal lattice tends to 

form in the cubic phase. On the contrary, with fewer sodium atoms, the crystal lattice of 

WO3 tends to collapse to form in the tetragonal phase. Pure WO3 could often form in the 

tetragonal phase at room temperature.107 Specifically, when the Na/W ratio in the solution 

is larger than 0.8, only the pure cubic phase was found in the sample products because the 

measured XRD patterns in Figure 3-9a and b are well fit by the simulated ones in the cubic 

phase. On the other hand, when the Na/W ratio is reduced to 0.40, the sample powder is all 

in the tetragonal phase (Figure 3-9e). As the Na/W ratio in the precursor solution further 

reduced, the crystallinity of product samples dramatically decreased, and the phase 

composition analysis became not applicable (Figure 3-9f, g, and h). The above observation 

is out of our expectation that crystalline tungsten oxide particles should be synthesized 

without sodium chloride. It suggests that the formation of crystalline NaxWO3 particles 

relies on the catalyzing by a sodium ion. Since sodium chloride's melt point (801 oC) is 

much lower than tungsten oxide (1473 oC), sodium chloride acts as the ceramic flux to 
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facilitate tungsten atoms' movement and lattice conversion via liquefaction.108,109 Without 

the sodium chloride, the amorphous tungsten oxide product requires much time to form the 

crystal at the same 800 oC.97  

3.2.6 Comparison of sodium tungsten bronze products in phases 

 

Figure 3-10. SEM images and XRD data of sodium tungsten bronze particle samples in the cubic phase (a, c) and 

tetragonal phase (b, d), respectively. 

To investigate sodium tungsten bronze particles in two phases, the micro morphologies 

of sodium tungsten bronze in the cubic and tetragonal phases are shown in Figure 3-9a and 

b, respectively. The cubic shape (Figure 3-9a) and the orthogonal bar shape (Figure 3-9b) 

of sample particles match well with the crystal lattice types of two typical samples. From 

the powder-XRD patterns in Figure 3-9c and d, it is found that all the peaks of the samples 

in both the cubic and tetragonal phases correspond very well with the reference positions 

of ICDD PDF 01-075-0232 and 01-070-0122. The sharp peaks indicate the excellent 
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crystallinity of the samples. The cubic phase sodium tungsten bronze has a much high 

intensity of the peaks above the background, which is evidence of better crystallinity than 

the tetragonal phase bronze. More, the calculated crystallinity of pure cubic and tetragonal 

phases of sodium tungsten bronze in Figure 3-9a and e are 83% and 70%, respectively.  

 

Figure 3-11. EDX data of sodium tungsten bronze for cubic phase (a) and tetragonal phase (b). Photos of sodium tungsten 

bronze particles in the cubic phase (c) and tetragonal phase (d) when collected on the filter medium. 

From the EDX data shown in Figure 3-11, the sample's Na:W:Cl ratio in the cubic phase 

is ~ 0.72:1.00:0.02 and 0.88:1.00:0.31 for the sample in the tetragonal phase. Assuming all 

chlorine atoms come from NaCl, the Na:W ratio in the sodium tungsten bronze crystal of 

the cubic phase was 0.70:1.00 and 0.57:1.00 for the sample in the tetragonal phase. The 

molecular formulas for the cubic and tetragonal tungsten bronze are thus Na0.70WO3 and 

Na0.57WO3, respectively.  
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Figure 3-12. Summary of lattice size of cubic sodium tungsten bronze in the ICDD database 

By comparing the lattice size of cubic sodium tungsten bronze in the ICDD database 

(Figure 3-11), a linear equation between lattice size and Na/W can be obtained. By 

submitting the experimental value of cell size, 3.84 (from XRD), into the equation, the 

Na/W ratio can be calculated as 0.732, which is very near the value of 0.70 (Na0.70WO3). 

Figure 3-11c and d are the photos of cubic and tetragonal phase sodium tungsten bronze 

samples. The purple-red color of the cubic phase sample and the blue color of the tetragonal 

phase sample aligns with the summary of color vs. ion content by Granqvist110. The color 

difference between the two samples results from different tungsten chemical statuses. 

Because more sodium atoms occupy the lattice void, the average tungsten valence in the 

cubic phase sample is lower than the tetragonal one105, which should be verified by the 

XPS in Figure 3-13.  
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Figure 3-13. XPS data of sodium tungsten bronze samples in the cubic (a, b) and tetragonal (c, d) phases without the 

sputtering and with the sputtering of 4 min. 

The XPS data for the sample products in the cubic and tetragonal phases are shown in 

Figure 3-13 (without and with the sputtering). For the surface tungsten atom, the V valence 

tungsten was observed in the cubic phase sample (Figure 3-13a), while no such peak area 

was identified in the sample of the tetragonal phase (Figure 3-13c). After the sputtering, 

the XPS data of the cubic phase sample (Figure 3-13b) shows a larger area of V or IV 

valence tungsten than the tetragonal one (Figure 3-13d). The above evidence shows that 

the tungsten in the cubic phase sample has more reductive status than the tetragonal phase 
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one, which is the cause for the different band structure for the light absorption in the visible 

range.  

 

Figure 3-14. Transmittance of the sample sodium tungsten bronze products in the cubic and tetragonal phases (as the 

function of wavelength). The mass concentration of particles in the medium is kept the same. 

Figure 3-14 shows the transmittance of sample particles in the cubic and tetragonal 

phases. It is found that the cubic phase sodium tungsten bronze particles show better 

transmittance in the visible light range than the tetragonal one. One possible reason for the 

observation is that the high sodium ion content in the cubic phase sample makes it highly 

efficient in the dipole absorption of NIR. Another possible reason is that the impurity 

content, carbon, and chlorine, in the cubic phase sample (8.47 At% and 0.43 At% in Figure 

3-11a) are lower than the tetragonal phase one (9.90 At% and 5.97 At% in Figure 3-11b). 

The other reason might be that the cubic phase sample has a higher crystallinity, i.e., having 

less crystal boundary, than the tetragonal phase sample. The crystal boundary scatters the 

light, resulting in the reduction of transmittance.  
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3.2.7 Effect of precursor concentration  

 

Figure 3-15. Size distribution of sodium tungsten bronze particle synthesized by different precursor concentrations: (a) 

0.01 M, (b) 0.02 M, (c) 0.03 M, and (d) 0.04 M.  

The concentration of the precursor solution affects the size of the produced particles 

when the other parameters are fixed. Figure 3-15 shows the size distribution of the sodium 

tungsten bronze particles produced by the setup in Figure 2-4 with a water-based precursor 

solution. The varying peak size of the particles at different precursor concentrations is 

evidence that the higher concentration, the larger the size of the particles. Furthermore, 

slight increases can be observed for the particle number concentration values. However, 

the area increase of the size beam does not linear relative to the precursor concentration 

increase. The reason may be that large particles have a major part in the total mass of 
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particles, so the number count of particles will not reflect the perspective increases of mass 

input increase of the precursor.  

3.2.8 Effect of furnace temperature  

 

Figure 3-16. Powder-XRD data of sample products were obtained when the tube furnace was set at the setting 

temperature of (a) 600; (b) 500; (c) 450; and (d) 400 oC, attached with the highest temperature measured in the furnace 

tube in the bracket. The sample was produced at a Na/W ratio being 1.0 and #2 flow rate being 0.5 SLPM. 

As for the effect of furnace temperature on the produced particles, Figure 3-16 shows 

the powder-XRD of sample products obtained at the different furnace setting temperatures 

from 400 to 600 oC, with the highest temperature inside the furnace tube indicated. It is 

found that the furnace temperature should be set above 450 oC to promote the formation of 
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the crystal of sodium tungsten bronze. As the furnace temperature increased, the product 

samples' crystallinity increased.  

3.3 Conclusion  

This chapter introduces the relationship between the different precursors/solvents and 

the produced tungsten bronze particles. The doping alkali species determines the final types 

of tungsten bronze. Moreover, a similar product can be obtained with the same precursor 

atomic ratio of M/W (M = Na, K, and Cs), even via different solvent-based precursors. 

Several combinations of solvents and precursor reagents are summarized. The tungsten 

bronze particle produced through water-based precursor solution shows relatively high 

quality. Moreover, the water-based precursor solution has superb versatility for 

synthesizing sodium, potassium, and cesium tungsten bronze.  

As shown in the synthesis of sodium tungsten bronze via methanol-base precursor, the 

effect of moisture concentration and heating temperature on products' quality (i.e., crystal 

phase and crystallinity) were systematically investigated. It is observed that the crystal 

phase and crystallinity are highly correlated to the composition of the precursor solution 

used. Increasing sodium content in precursor solution improves the crystallinity of sodium 

tungsten bronze particles. The above trend is also observed as the furnace temperature 

increases. Furthermore, with sufficient moisture, the byproduct from the reaction is found 

in trace amounts.  

The mechanism of particle formation and chemical reaction involved in the process was 

further investigated. The methanol solvent in individual droplets is nearly evaporated 

before entering the tube furnace. The methanol vapor then serves as the reductive regent in 

the reaction occurred for particles to facilitate particle crystallization. 
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By varying the Na/W ratio in the precursor solution, sodium tungsten bronze particles 

in the cubic phase (Na0.70WO3) and tetragonal phase (Na0.57WO3) were produced in high 

purity. Both particle samples show the ability of the NIR shielding. Compared with those 

in the tetragonal phase, particles in the cubic phase (Na0.70WO3) have higher visibility in 

the visible light range because of their lower impurity content and higher crystallinity. 
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Chapter 4. Size effect on NIR shielding for tungsten bronze 

particles  

4.1 Introduction  

This chapter introduces an aerosol-assisted method to produce sodium tungsten bronze 

particles using aqueous precursor solutions and to experimentally investigate the size effect 

on the NIR shielding performance of produced particles. This chapter will present the 

aerosol-assisted method to produce sodium tungsten bronze particles (using DI water as 

the precursor solvent). A cascade impactor then collected the samples of as-produced 

particles in different size ranges. The NIR shielding performance of size-selected sodium 

tungsten bronze particles was then characterized to demonstrate the particle size effect.  

4.1.1 Aerosol processing for the particle size classification and collection  

Modeling studies found that the NIR shield performance of tungsten bronze particles 

highly depends on particle size 56,111. A similar conclusion was also reported for lanthanum 

hexaboride (LaB6) particles 49. LaB6 particles in a small size (26 nm) have better NIR 

shielding than ones in large sizes (120 nm). It is thus possible to obtain the optimal NIR 

shielding and visible transparency of tungsten bronze particles by tuning the particle size. 

However, preparing tungsten bronze particles in different narrow size ranges is difficult for 

liquid-phase methods. In literature, ball/bar milling has been the primary method to prepare 

particle samples with different peak sizes in a wide size range. Several hours of milling 

time were typical for having particles in sub-micrometer sizes. The smaller the resultant 

sizes, the longer the milling time. The impurities were often introduced in the milling, 
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contaminating end products. Alternatively, particles produced by an aerosol-assisted 

method can be easily classified by existing particle collectors, for example, a cascade 

impactor or an electrical mobility classifier. A cascade impactor classifies particles by the 

inertial impaction, which is gauged by the particle Stokes number (depending on the 

particle size and density as well as flow velocity). The classified particle size can be 

determined when the particle density and flow velocity are specified. An electrical mobility 

classifier classifies particles based on the electrical mobility of particles. All the particles 

must be electrically charged before using mobility classifiers.  

4.1.2 The particle NIR optics and the size effect of tungsten bronze particles on NIR 

shielding  

The particle size effect on near-infrared (NIR) optics refers to how particles' size can 

affect their interaction with NIR radiation. In general, the interaction of particles with NIR 

radiation depends on their size, shape, and composition. As the size of a particle decreases, 

the surface area-to-volume ratio increases, which can lead to changes in its optical 

properties. One of the most significant effects of particle size on NIR optics is the 

phenomenon known as the Mie scattering112 effect. The Mie scattering effect refers to the 

way that particles scatter light at different angles, depending on their size relative to the 

wavelength of the incident light. When the size of a particle is larger than the wavelength 

of the incident light, the Mie theory dominates the scattering, which predicts that larger 

particles will scatter light at larger angles. When the size of a particle is smaller than the 

wavelength of the incident light, the scattering is dominated by Rayleigh scattering113, 

which predicts that smaller particles will scatter light more strongly in the forward direction. 
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These two theories, Mie and Rayleigh scattering, are widely used in particle applications 

related to NIR optics.  

However, the Mie or Rayleigh scattering are theories describing the mono particle 

interaction with the incident ray. The particle-embedded media for NIR shielding are 

composed of particles in larger quantities. There is bare to see an overall theoretical 

equation or modeling that can forecast the effect of particle size on the NIR optics. One of 

the reasons for that is limited experimental data of particle ensemble in a tuned size for 

investigation. As for the size effect of tungsten bronze particles on NIR shielding, until 

recently, the clear relationship between them is still unrevealed due to the lack of the 

experiment result.  

4.2 Method and Experiments  

4.2.1 Chemicals, Characterization, and Particle Collection  

In our method, the precursors for producing sodium tungsten bronze particles were 

Ammonium para tungstate, (NH4)10H2(W2O7)6 xH2O (Sigma-Aldrich), and Sodium 

chloride, NaCl (Fisher Scientific). Ether a filter sampler (i.e., the filter holder with HEPA 

filter media) or a cascade impactor, i.e., micro-orifice uniform deposition impactor 

(MOUDI Model 110-R, MSP Inc.), was applied for the particle collection. The SEM 

images of produced particles were characterized by Hitachi SU-70 FE-SEM. The XRD 

patterns of samples were measured by an X-ray diffractometer (Multipurpose X-Ray 

Diffractometer, Empyrean). The vis-NIR spectrum of particle samples was taken by a 

spectroscopic ellipsometer (M-2000, J.A.Woollam). The TEM of the particle sample was 

measured by JEM-F200 Cold FEG Electron Microscope.  



65 

 

4.2.2 Experimental Setup and Method  

 

Figure 4-1. Schematic of the experimental setup. 

Figure 4-1 shows the schematic diagram of the experimental setup for preparing 

crystalline sodium tungsten particles. The setup utilized a custom-made Collison atomizer 

to generate the polydisperse droplets from the precursor solutions. Unlike a typical Collison 

atomizer in which the spray solution is kept in the spray chamber, the spray solution of this 

atomizer is fed to the spray nozzle by a syringe pump. The pumping rate was set at 100 

µL·min−1. The compressed mixture gas of nitrogen and hydrogen (N2 87.5 vol%, H2 12.5 

vol%) was used as the spray and carrier flow to operate the atomizer. The pressure of carrier 

gas flow was set at 30 psi through a mass flow controller (MFC) to keep the carrier gas 

flow rate at 2.0 sL·min−1. The temperature of the tube furnace (with a heating zone length 

of 30 in (76.2 cm)) was set at 750 oC. A 3-ft quartz tube (with an outer diameter of 1 inch 

(2.54 cm) and a wall thickness of ~ 2 mm) was used as the reactor. At the exit of the tube 

reactor, resultant particles were collected either by a filter sampler (for all the particles) or 

the MOUDI cascade impactor 114 (for particles in different size ranges). Note that the 
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operational flow rate of the impactor was designed at 30 L·min−1. An additional clean 

make-up air was introduced to mix with the particle stream before the MOUDI impactor. 

A small percentage of as-produced particles was lost during the mixing. After the collection, 

the flow passed through a residue absorber to reduce the emission of byproducts to the 

ambient.  

Ammonium paratungstate, (NH4)10H2(W2O7)6 xH2O, and sodium chloride, NaCl, were 

the sources of tungsten and sodium, respectively. The concentration of tungsten in the 

aqueous ammonium paratungstate solution was set as 0.02 mol/L. The sodium 

concentration in the aqueous sodium chloride solution is also kept at 0.02 mol/L. Two 

aqueous solutions were then mixed and used as the spray solution. After the collection, 

particles at different impactor stages were later transferred to the sample holders for 

characterization. Sample particles were washed with methanol. The process was to disperse 

the produced particles in methanol at about 1 mg/mL mass volume fraction, ultrasonically 

vibrate for 1 min, and then collect the particles by centrifugation. After twice applying the 

above washing process, the particles were dispersed in IPA with a 1 mg/mL particle mass 

concentration for the Vis-NIR spectrum measurement. The XRD sample of particles 

collected by each MOUDI stage was prepared by dropping the same particle suspension 

on the round glass slide and then drying it for characterization. The prepared particle 

suspension was then loaded in an optical cell with 1 mm thickness for the transmittance 

spectrum measurement.  
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4.3 Result and Discussion  

4.3.1 Characterization of as-produced particles  

 

Figure 4-2. Mass-weighted size distribution of washed particle samples collected by the MOUDI impactor. 

Figure 4-2 shows the mass percentage of the particles collected by the impaction stages 

of the MOUDI impactor. It was observed that about 98% of the total mass of produced 

particles was collected at the 5th to 8th stages of the impactor (Note that the numbering of 

the stages in the MOUDI impactor can be found in Table 4-1). Accordingly, we primarily 

selected the particle samples collected at the above stages of the MOUDI impactor for the 

characterization. The MOUDI impactor was calibrated based on the particle Stoke number 

(i.e., the 50% cut-off particle size of each impactor stage). The vendor gives the 50% cut-

off sizes at different impactor stages, assuming the particle density of 1.0 g/cm3 (i.e., 

aerodynamic particle size). Because of the different densities of sodium tungsten bronze 

particles, the corresponding cut-off size for each impactor stage was thus calculated and 

shown in Table 4-1.  

Table 4-1. MOUDI cascade impactor parameters. 
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Stage # Cut-off size 

(m)a 

Slip Coeff.b Particle Size 

(m)c 

Stokes number 

1 18.0 1.00 6.6 1.85 

2 10.0 1.01 3.6 1.37 

3 5.6 1.02 2.0 1.66 

4 3.2 1.04 1.1 2.02 

5 1.8 1.08 0.62 1.94 

6 1.0 1.15 0.32 2.22 

7 0.56 1.28 0.16 2.31 

8 0.32 1.52 0.077 1.89 

9 0.18 1.99 0.036 3.15 

10 0.10 2.93 0.017 3.31 

11 0.056 4.65 0.0087 2.79 

a Aerodynamic particle diameter at the 50% collection efficiency of the corresponding MOUDI stage 
b Slip correction coefficient calculated using Cunningham correction factor 115. 
c Cut-off particle diameter calculated based on the density of 7.3 g·cm-3 for sodium tungsten bronze particles. 
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Figure 4-3. SEM images of the particles separated by the cascade impactors, from which the 4th stage (a), 5th stage (b), 

6th stage (c), 7th stage (d), 8th stage (e), and 9th stage (f). The scale bar equals 300 nm. 

Figure 4-3 shows the SEM images of particles collected at the selected stages of the 

MOUDI impactor. For the given SEM images, it is found that the sizes of particles collected 

at the selected stages of the impactor, in general, agreed well with the calculated particle 

size ranges (shown in Table 4-1). Figure 4-3a shows the images of particles in a size range 

above 1 µm, which were aggregates (i.e., the assembly of several primary particles). The 

aggregates (with fewer primary particles than that in Figure 4-3a) were also observed in 

Figure 4-3b. The bridging of several particles in each aggregate was observed in the above 

SEM images. The bridging might be formed due to the condensation of water vapor. No 

bridging was observed from the SEM images shown in Figure 4-3c-f. It might be because 

of the depletion of water vapor in the first stages of the impactor. The cubic shape was 

found for particles shown in Figure 4-3c and Figure 4-3d, showing the complete growth of 

single-crystalline particles in the cubic phase. Particles in slightly large sizes thus have 

much sharp corners and edges of the cubes, while those in slightly small sizes have more 

round corners and edges. The shapes of particles shown in Figure 4-3e have much-rounded 
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corners. The shape of the particles in Figure 4-3f was nearly spherical. The above 

observation was consistent with the fact that the sizes of particles increased during the 

shape formation in the crystal growth process. Table 4-2 shows the crystallite size 

calculated from the XRD patterns of particles at selected MOUDI stages. It also shows an 

increasing trend in the crystal grain size, except for particles at Stage 4. Because of the 

particle agglomeration at the MOUDI Stage 4, the crystallite size of particles is smaller 

than that shown in Figure 4-3a and Table 4-1.  

Table 4-2. Crystallite size calculated from XRD patterns of particles from each stage. 

Stage of particles Crystallite Size (nm) 

S4 855 

S5 993 

S6 461 

S7 219 

S8 98 

S9 44 

 

Compared to the particles produced in our early work 53, the improvement in the crystal 

morphology and size uniformity of as-produced particles was observed. It is due to the pre-

mixing of precursors before entering the tube reactor in the current process. In the previous 

process of producing NaxWO3 using methanol 53, H2O was introduced and mixed with 

other precursors in the gas phase. The mixing in the gas phase may not be as effective as 

in the liquid phase.  
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Figure 4-4. XRD of particles collected by filters before washing off (a) and after washing off (c). EDX of particles 

collected on selected MOUDI stages before washing off (b) and after washing off (d).  

The XRD patterns in Figure 4-4a show that all the particles produced by the current 

process were in the sodium tungsten bronze phase and corresponded to Na0.74WO3 (PDF 

01-075-0232). Notice that the particle sample characterized here was collected by filter 

sampling (i.e., no size classification), not by the MOUDI. A small amount of NaCl was 

detected in the unwashed product. The EDX analysis (for the elemental composition) of 

the particle samples at the selected MOUDI impaction stages is also shown in Figure 4-4b. 

The energy positions corresponding to specific elements are tagged in the spectrum. It can 

be found that the peaks of chlorine became higher in the samples of particles of small sizes. 

Because the chlorine source is NaCl in our process, the EDX result implies that particles 
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in smaller size ranges have higher NaCl contents. After the wash step, the NaCl residue in 

the particle samples collected on filters (i.e., no size classification) was removed, evidenced 

by the XRD pattern for washed particle samples (Figure 4-4c). The EDX of washed particle 

samples collected on the MOUDI stages (Figure 4-4d) also shows that no chlorine exists 

in the particle samples.  

 

Figure 4-5. The atomic ratios of chlorine to tungsten of unwashed (a) and washed (b) particle samples collected on 

selected MOUDI stages. All data were calculated from EDX data analysis. Each stage sample was tested 10 times on 

different areas with thick particle accumulated layers.  

Figure 4-5a shows the atomic ratio of chlorine to tungsten in the unwashed particle 

samples collected at the selected stages of the MOUDI (calculated from the statistics EDX 

data). The Cl/W atomic ratio was increased with the stage number (except the 4th stage), 

indicating that small particles have more NaCl (or HCl) residual than large ones. Particles 

collected on the 9th stage had 2 times more NaCl content than those on the 5th. It is because 

particles of small sizes can absorb more NaCl (or HCl) on the surfaces than those of large 

sizes (due to the high specific surface area of small particles). On the contrary, Figure 1-1b 

shows the Na/W for washed particles collected on selected MOUDI stages. All the ratio 

values for washed particle samples collected by each MOUDI stage are approximately 0.6+. 

The Na/W values for washed particles collected by all the MOUDI stages are close, 
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indicating the Na content in the lattice of particles is the same for washed particle samples 

collected by all the MOUDI stages. It further evidenced that the chemical composition of 

washed particles of different sizes produced by the process is consistent. Note that the 

above ratio is less than the values obtained from the XRD data (~0.7). The above 

observation is because the window of the XRD sensor partially absorbs the X-Ray signal 

produced by the light element. Due to Z = 11, sodium is very close to the lower limit of the 

acceptable measurement range. The quantitative data of the sodium element by EDX is 

thus not reliable116. 

 

Figure 4-6. (a) XRD pattern of washed particles collected at selected MOUDI stages. (b) Zoom out of the XRD pattern 

from 22.5 to 24 degrees of 2.  

The result of XRD measurement for particles collected at selected MOUDI stages is 

shown in Figure 4-6. In Figure 4-6a, it is found that few NaCl peaks were shown in the 

XRD patterns of particle samples collected on MOUDI stages, and all of the shown peaks 

corresponded well to cubic Na0.7WO3. From Figure 4-6b, we found that, for particles 

collected by MOUDI stages, their d-spacings were close to 3.85 Å, indicating that the x 

value is ~0.7 for NaxWO3 particles from all the stages, according to the relationship 

between the x values and lattices constant in reference 104. Note that, despite particles 
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collected on different MOUDI stages being different in size, they are consistent in the 

crystal structure and chemical composition. The TEM and SEAD characterization 

supported the above conclusion (Figure 4-7). It is evidenced that particles in both small 

and large sizes were mostly single crystalline and made of cubic Na0.7WO3. It can be 

deduced that all the particles simultaneously formed because only in this way that the 

element concentrations of Na and W are the same for all the particles, resulting in the same 

chemical composition and crystal structure for all the particles.  
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Figure 4-7. TEM images of small particles (a) and large particles (b), and SEAD patterns (c) and (d) of the particles 

shown in (a) and (b), respectively. Particle samples were washed.  



76 

 

 

Figure 4-8. (a) XRD of the washed particle samples from the Na/W ratio equal to 0, 0.25, 0.50, and 0.75 in the precursor. 

(b) The zoom-in from 22.5o to 24o of 2 in the picture (a). The corresponding d-spacing is listed. (c) XRD of the washed 

particle sample (Na/W = 1.0) from the furnace temperature set to 550, 650, 750, and 850 degrees Celsius. (d) The zoom-

in from 22.5o to 24o of 2 in picture (c). The corresponding d-spacing is listed. The unit is Å. 

Figure 4-8a showed that the as-produced products had different phase compositions 

when the Na/W ratio in the precursor solutions was varied. A high Na/W ratio in precursor 

solutions led to a high content of NaxWO3 particles in the cubic phase. A low Na/W ratio 

in the precursor solutions resulted in particles in a tetragonal phase and poor crystallinity 

(i.e., low intensity of the peaks). When no NaCl was presented in the precursor solutions, 

the as-produced product was a mixture of (NH4)0.25WO3 and in very poor crystallinity. 

From Figure 4-8b, we found that the peak positions of the samples made from precursor 

solutions of different Na/W ratios changed with the variation of Na content. The 
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corresponding d-spacing (also given in the same figure) evidenced that the crystal lattice 

was enlarged by more Na atoms inserted in the crystal structure.  

The effect of furnace temperature on the process is shown in Figure 4-8c. It was found 

that the phase of cubic NaxWO3 particles only existed when the furnace temperature was 

set above 550 oC. Since the lattice constant is closely related to the Na content in the 

lattice104, the more the Na atoms doped into the lattice, the larger the d-spacing of the lattice 

constant. With the increased furnace temperature, more Na atoms can be doped into the 

crystal lattice, enlarging the d-spacing (Figure 4-8d). In addition, the XRD patterns of 

unwashed particle samples prepared at different furnace temperatures (Figure 4-8c) show 

that the NaCl phase showed when the furnace temperature was above 650 oC. In cases of 

750 and 850 oC, the NaCl phase peaks became clearer than that in the 650 oC case. The 

above observation indicated that NaCl could crystallize and form an independent phase at 

above 650 oC. At the temperature of 550 oC, the XRD pattern shows no clear NaxWO3 (or 

NaCl) phase. It is due to the precursor not fully decomposing at a temperature below 650 

oC. Furthermore, the d-spacings of the peaks between 22.5 to 24 degrees of 2 (Figure 4-8d) 

show nearly the same 3.85 Å in both 850 and 750 oC cases, indicating that no more Na 

atoms could be doped into the lattice at 850 oC when referenced to that in the 750 oC case. 

The more doping Na atom in the lattice, the larger the crystal lattice size. Therefore, it 

concluded that 750 oC is sufficient for this process to obtain a qualified product. When the 

flow passes the high-temperature tube, the overdose of NaCl is in the form of vapor. After 

exiting the high-temperature furnace, the residual NaCl vapor might condense on resultant 

Na0.7WO3 particles. Because the melting points of pure bulk WO3 and NaCl are 1,473 oC 

and 800 oC, respectively, solid residual NaCl should occur at the time of NaxWO3 particles 
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forming. The NaCl vapor condensed on the surface of all particles, resulting in higher 

chlorine content in small particles than in large ones. It is because the smaller the particle 

size, the higher the per specific surface area. 

4.3.2 Formation mechanism  

For the reaction mechanism, the chemical reaction that occurred in the tube reactor is 

given in the following: 

(𝑁𝐻4)10𝐻2(𝑊2𝑂7) ∙ 𝑥𝐻2𝑂 + 6𝑦𝐻2 + 12𝑦𝑁𝑎𝐶𝑙

→ 12𝑁𝑎𝑦𝑊𝑂3 + (𝑥 + 6)𝐻2𝑂 + 10𝑁𝐻3 + 12𝑦𝐻𝐶𝑙 

Aerosol droplets containing the reaction agents (i.e., ammonium paratungstate and sodium 

chloride) were vaporized once entering the high-temperature tube reactor. The produced 

compound ammonia and hydrochloride acid were removed with the exhaust flow. No other 

byproduct except the NaCl was thus kept in as-produced particles.  

 

Figure 4-9. Illustration of the particle formation and separation in our preparation process. 

Figure 4-9 illustrates sodium tungsten bronze particles' formation mechanisms and the 

MOUDI impactor's size classification in our current process. Aerosol droplets generated 

by the Collison atomizer were carried by the N2 + H2 flow to enter the tube reactor heated 

by a high-temperature furnace. Since the furnace temperature was set as high as near the 

melting points of all the reaction agents dissolved in the precursor solution, aerosol droplets 

were quickly vaporized upon entering the tube reactor. After the carry flow passed through 
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the peak temperature zone in the tube reactor, its temperature decreased, and the nucleation 

occurred as the temperature dropped below a particular value (i.e., the vapor-to-particle 

conversion). The vapors of reactants then condensed on newly formed nuclei. The sizes of 

nuclei grew, and their shapes of particles converted to cubic morphology due to the crystal 

anisotropy. The carrier gas flow rate was kept at 2.0 sL·min−1 to ensure the formation of 

particles and their crystallinity at a relatively high-temperature level before exiting the tube 

reactor. From the size dispersity and morphology of particles shown in Figure 4-3, it can 

be assumed that nucleation was homogenous for the tungsten bronze particles in our 

process. After exiting the tube reactor, as-produced particles were classified in the cascade 

impactor (i.e., MOUDI). An impactor collected particle based on particle inertia, 

characterized by the particle Stoke number. In a cascade impactor, the size of nozzles is 

reduced for each stage to collect particles in smaller sizes. Large particles are thus collected 

in the first stages, and smaller particles are collected in the later stages of a cascade 

impactor.  

4.3.3 Optical performance of as-produced particles at selected stages of the MOUDI  

 

Figure 4-10. The Vis-NIR spectrum of washed sodium tungsten bronze particle samples collected on selected MOUDI 

stages stage (with different particle cut-off sizes). 
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Figure 4-10 shows the Vis-NIR spectrum for particles at the selected stages of the 

MOUDI impactor. In the UV range, the absorption of particles enhanced with the decrease 

of the particle sizes down to ~77 nm (i.e., the 8th stage). Particles at the 9th stage (i.e., ~36 

nm) have a lower UV absorption than those at the 8th stage (~ 77nm). In the visible range, 

the wavelength for the maximal transmittance occurred at ~500 nm wavelength for 

particles at stages 4-9 (~1100 nm to ~36 nm). However, the maximum transmittance was 

increased with the decrease of the particle size (for the samples at stages 4-9). In the NIR 

range, the absorptance increased with the decrease of the particle size (from ~1100 nm to 

~320 nm) and then gradually decreased with the further decrease of the particle size (at the 

same particle mass concentration). Therefore, at the same particle mass, the transmittance 

of visible light of Na0.7WO3 particles can enhance by reducing the particle size. However, 

the decline of the NIR absorption for the particles was also observed when the size was 

further decreased. Thus, an index, SETS (solar energy transmittance selectivity), defined 

in the previous works 62,77,117, was used to identify the best optical performance of sodium 

tungsten bronze particles for the NIR shielding.  
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Figure 4-11. Solar energy transmittance selectivity (SETS) of washed particle samples collected on selected MOUDI 

stages. 

Figure 4-11 shows the solar energy transmittance selectivity (SETS) 62,77,117 for 

particles at selected stages of the MOUDI impactor. The SETS are defined in the 

following: 

𝑆𝐸𝑇𝑆 =
1

2
(1 +

∫  
vis 

𝑈𝑉
𝐸(𝜆)𝑇(𝜆)𝑑𝜆

∫  
𝑣𝑖𝑠

𝑈𝑉
𝐸(𝜆)𝑑𝜆

−
∫  
𝑁𝐼𝑅

𝑣𝑖𝑠
𝐸(𝜆)𝑇(𝜆)𝑑𝜆

∫  
𝑁𝐼𝑅

𝑣𝑖𝑠
𝐸(𝜆)𝑑𝜆

) 

It is a coefficient to evaluate the ability of the NIR shielding of transparent materials. The 

higher the SETS value, the better the NIR shielding. It is found that based on the index of 

SETS, particles at the 8th stage (~ 77nm) of MOUDI have the best NIR shielding 

performance for the transparent sodium tungsten bronze particles at the specific condition. 

Particles collected at the 6th and 7th stages (i.e., ~ 320 nm and ~160 nm, respectively) of 

MOUDI have slightly less NIR shielding performance than those at the 8th stage. The 

transmitted fraction of visible light and NIR for particles collected by selected MODUI 

stages are shown in Figure 4-12. They were calculated according to the following equations: 
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𝑉𝑖𝑠𝑖𝑏𝑙𝑒 𝑙𝑖𝑔ℎ𝑡 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 =
∫  
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𝑈𝑉
𝐸(𝜆)𝑇(𝜆)𝑑𝜆
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𝑣𝑖𝑠
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𝐸(𝜆)𝑑𝜆

 

𝑁𝐼𝑅 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 =
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𝑁𝐼𝑅

𝑣𝑖𝑠
𝐸(𝜆)𝑇(𝜆)𝑑𝜆

∫  
𝑁𝐼𝑅

𝑣𝑖𝑠
𝐸(𝜆)𝑑𝜆

 

It is found that the variation of transmitted NIR fraction for particles at selected MOUDI 

stages is larger than their fraction of visible light. The combination of both fractions 

contributes to the SETS values, thus decreasing SETS values (due to the significant loss in 

the NIR shielding) for 36, 630, and 1100 nm particles. According to Figure 4-2, more than 

80 wt% of as-produced particles were collected in these three stages (i.e., stages #6, #7, 

and #8 of MOUDI). 

 

Figure 4-12. Visible light (a) and NIR (b) transmitted fractions for washed particle samples collected on selected MOUDI 

stages. 
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Figure 4-13. Calculated transmittance spectrum for one sphere particle in different sizes confined in the periodic domain.  

NIR absorption based on the localized surface plasmon resonance (LSPR) is generally 

observed for very small particles118. LSPR surely exists for small particles absorbing the 

NIR in a specific wavelength range. However, LSPR is not the only impactor on the NIR 

shielding performance of particles because the size of NIR shielding particles is highly 

relative to the scattering of lights, e.g., the Mie scattering. We conducted optical modeling 

based on Maxwell’s equation (via COMSOL) to demonstrate the effect of light scattering. 

The detail of the modeling can be found in the SI (supplementary information). Figure 4-13 

shows the calculated transmittance as a function of wavelength for particles in the sizes of 

20, 100, 140, 200, 300, and 400 nm. It shows that the NIR shielding performance of 

particles in the wavelengths ranging from 1,000 to 1,500 nm declined as the particle size 

was reduced, which is consistent with the trends experimentally observed in the measured 

Vis-NIR data (Figure 4-10), and the NIR transmitted fraction (Figure 4-11b). The whole 

NIR range (i.e., 700 to 1500 nm) was considered in calculating the data shown in the above 

two figures. If multiple particles are randomly presented in the computational domain, the 
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effect of multiple scattering may make it even more obvious on the variation among the 

particle sizes. The scattering effect on a specific NIR wavelength could be why the 

observed NIR shielding performance loss for fine particles. Notice that a high variation of 

calculated transmittance in less than 1000 nm wavelength was observed for particles of 

300 and 400 nm sizes (Figure 4-13). It is because the particle size is close to the wavelength, 

increasing the interference between the particle size and specific light wavelength, as well 

as the periodic boundary condition used in the modeling. Our future research will conduct 

a comprehensive investigation using the modeling (considering multiple particles).  

4.4 Conclusion  

Crystalline particles of sodium tungsten bronze were produced by an aerosol-assisted 

process with aqueous precursor solutions. The XRD characterization of as-produced 

particles indicated that the chemical composition and crystallinity of particles were 

Na0.7WO3 and excellent, respectively. The mass-weighted size distribution of as-produced 

particles was also measured by MOUDI. It is found that nearly 80% of particles (by mass) 

were collected at the 5th to 8th impaction stages of MOUD, which was the size range of 

particles offering excellent NIR shielding performance (concluded after the 

characterization of optical transmittance of size-selected particles samples). Particles in 

different narrow size ranges were classified and collected by the MOUDI. The morphology, 

chemical composition, and visible-NIR spectrum of size-selected particle samples were 

characterized. According to the measured NIR spectrum and the SETS index, the size range 

of produced particles providing the optimal NIR shielding while having a good 

transmittance for visible lights was found. The loss of NIR shielding for small particles 

was preliminarily investigated using optical modeling based on the Maxwell equations.  
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Chapter 5. Optical modeling of tungsten bronze particles  

5.1 Introduction 

This chapter introduces the NIR shielding performance of an ensemble of tungsten 

bronze particles. This chapter includes the effects of particles' size and concentration (i.e., 

packing density) on the NIR shielding performance of particles. Maxwell's equations 

(solved by a finite element method) were used to calculate the NIR optics of sodium 

tungsten bronze particles randomly positioned in a transparent carry media. In addition, 

experiments were further performed to validate our experimental findings. For reference, 

the optics of a single particle was also modeled. Moreover, to give an insight into the 

particles’ shape effect on the NIR shielding, the cubic particle ensemble modeling is also 

included to compare with the spherical ones.  

5.1.1 Introduction article dispersed media in practice  

Equipping window glass with the capability of shielding the NIR (near infrared) light 

in the solar spectrum has been the solar control strategy, which is widely applied to reduce 

the energy consumption of heating, ventilation, and air conditioning (HVAC) systems in 

modern buildings and transportation systems/vehicles. The shielding of NIR for window 

glass is typically realized by low-emissivity coatings made of silver, indium- or antimony-

doped tin oxide (ITO and ATO) layer. The above materials, however, have their limitation 

for the application. The key functional layer in a Low-E coating is the metallic layer. 

Although providing good solar heat shielding, the Low-E coatings are in multiple layers, 

usually requiring complex coating processes to apply. ATO and ITO-based coatings are 

also excellent for heat shielding, but silver, indium, and antimony costs are expensive.  
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Alternatively, Tungsten bronze (MxWO3, M = Li, Na, K, Ru, Cs, and NH4) is a 

promising NIR shielding material in solar energy control applications 119. These materials 

have been synthesized by various methods, for example, hydrothermal 60, solvothermal 61, 

fused salt electrolysis 73, solid-phase reaction 70, flame pyrolysis 62, aerosol-assist spray 120, 

ball milling 81, and sputtering 121. In all cases, tungsten bronze particles are synthesized and 

then applied inside or on the surface of the transparent media, which could be a polymer 72 

or glass matrix 56. Then, due to the optical properties of tungsten bronze, such particle-

suspended media can shield NIR and be transparent to visible light.  

Different from a slab made of the bulk NIR-shielding material, the optical performance 

of particle-suspended media is further affected by the physical characteristics of tungsten 

bronze particles, for example, the size, shape, and concentration of particles in carry media 

(in addition to the optical property of the material). It is because of the interaction of 

particles with light. Due to the sizes of these tungsten bronze particles (typically less than 

1 µm in size) being close to the wavelength of electromagnetic radiation in visible and NIR 

ranges (Visible: 400 nm - 750 nm; NIR: 750 nm - 2,500 nm), the interaction between the 

particles and the light in the Vis-NIR wavelength range could be intensified for particles in 

certain sizes. The above observation has been reported in previous works. The experimental 

works 48,49 on lanthanum hexaboride, another NIR shielding material, show that the particle 

size can highly affect the NIR extinction. In their works, particles in small sizes have a 

higher extinction in the 900 nm – 1200 nm NIR range. The shape of particles also affects 

the optical performance of particle-suspended media. The modeling 56,111 based on discrete 

dipole approximation (DDA) 89 shows that the light scattering extinction varied with the 

size and shape of tungsten bronze particles (CsxWO3, NaxWO3). The valley of absorptance 
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curves shifts with different shapes of particles, including spherical, cubic, cylindrical, and 

tetrahedral ones. When particle shape's asymmetry, or the aspect ratio, increased, the light's 

absorptance valley of particles moved towards the longer wavelength in the solar spectrum. 

More, the extinction curve valley shifted towards the shorter wavelength and broadened as 

the particle size decrease.  

5.1.2 Modeling of single particle 

The modeling based on the Mie scattering122 has been applied to analyze the NIR optics 

of a single particle. In the Mie theory, the dielectric function (or refractive index) is treated 

as a constant to be input at a given wavelength. The extinction cross-section area of a 

particle in a specific diameter can then be calculated for a given light wavelength. However, 

the Mie scattering incident ray only applies to a particle with a diameter close to the light 

wavelength 112. The DDA method 89 has also been applied to study the optical performance 

of individual particles via the dipole approximation for the object structure (with the 

consideration of nanoparticles). The above method can model the optical characteristics of 

an individual particle in different morphology, e.g., in the spherical, cubic, or cylindrical 

shape). However, it also requires the dielectric function of the matter as the input parameter.  

5.1.3 About the multi-particle optics on NIR shielding 

Although the research on the NIR optics for tungsten bronze particles has been reported, 

all the modeling works only focused on individual particles, not particle ensembles. In the 

meantime, NIR shielding particles are randomly suspended in a transparent carry matrix. 

For a coating of particle-suspended media, the variation of the coating thickness is 

inevitable, which may make the volumetric packing density in the layer significantly 

https://en.wikipedia.org/wiki/Ray_(optics)#incident_ray
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change. The effect of particle packing density on the optics of tungsten bronze particles has 

not been investigated.  

5.2 Modeling and Experiments 

5.2.1 For the optical modeling of particles 

The COMSOL software with the optical module was selected for this optical modeling. 

In the optical module of COMSOL, the Maxwell equations for electromagnetic waves are 

solved by the finite element methods 123. Two different computational domains were used 

in the modeling: one domain is for an ensemble of randomly placed particles (in a cubic 

domain), and the other is for a single particle (in a spherical domain). 

Sodium tungsten bronze particles were selected for the modeling. The dielectric 

function (or refractive index) of sodium tungsten bronze (Na0.74WO3) in the wavelength 

ranging from 300 nm to 1,000 nm was obtained from Owen's work 50. In the above work, 

the optical property of sodium tungsten bronze was measured by the polarization 

modulation ellipsometry on a polished slab of bulk crystalline tungsten bronze synthesized 

by electrolysis growth from a fused salt melt. A similar process was also applied to measure 

other bulk tungsten bronze materials doped by cesium 6 and potassium 124. The dielectric 

function of sodium tungsten bronze in the wavelength from 1,000 nm to 1,500 nm was 

obtained from the extrapolation of Owen's data. The above extrapolation was also assisted 

by the data obtained in the density functional theory calculation of Tegg's work 125. The 

refractive index of sodium tungsten bronze particles used in the calculation is shown in 

Figure 5-1. In this work, the carry media for suspending particles was isopropyl alcohol 

(IPA). The refractive index of IPA was set to 1.37.  
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Figure 5-1. The refractive index of Na0.74WO3 using in this work.  

5.2.2 In the case of a particle ensemble  

 

Figure 5-2. Schematic of an ensemble of randomly placed particles in the cubic domain.  

Figure 5-2 shows the computational domain for the case with multiple particles. 

Particles in a specified total number of n and the diameter of di were randomly distributed 

in the domain. The incident beam entered the domain from the top and exited from the 
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bottom. The periodic boundary conditions were applied to the sidewalls of the domain. The 

tangential components of the electric and magnetic field are equal on the source and 

destination (the two boundaries in opposite directions). In other words, the domain was 

irradiated by a plane wave beam from the top. The square cross-section of the domain has 

the side of w. The path length, l, of the light through the domain, i.e., the thickness of the 

computational domain, were randomly assigned within the range defined by Equation 5-1 

for the modeling:  

𝑙 ∈ [0.5𝑤, 2𝑤] 

Equation 5-1 

Given the number of particles, n, and their sizes, di (where i is the index for each particle), 

the volumetric packing density of particles in the computational domain can be calculated 

as Equation 5-2.  

𝑝 =
𝑉𝑝𝑇𝑜𝑡𝑎𝑙

𝑉𝐷
=

1

𝑤2 ∙ 𝑙
∑

𝜋𝑑𝑖
3

6
 

𝑛

𝑖

 

Equation 5-2 

VD is the volume of the computational domain; VpTotal is the total volume of all the particles; 

p is the volumetric packing density of particles in the domain. Moreover, w is the width of 

the square cross-section of the domain.  

The transmittance of the light passing through the computational domain was calculated 

based on the ratio of the energy integration on the outgoing surface to that on the incident 

light surface. The attenuation of the light for the computational domain was calculated from 

the transmission by Equation 5-3.  
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𝑇 =
𝐼𝑡
𝐼0
= exp(−𝜇𝑎𝑡𝑡𝑙) 

Equation 5-3 

where T is the transmittance of the incident beam. I0 is the incident beam energy. It is the 

outgoing beam energy. µatt is the attenuation coefficient of the computational domain. l is 

the thickness of the computational domain. In addition, the reflectance R can be obtained 

by the ratio of energy integration for the reflected beam Ir to the incident beam I0 on the 

incident surface:  

𝑅 =
𝐼𝑟
𝐼0

 

Equation 5-4 

The absorptance A can be easily obtained as Equation 5-5.  

𝐴 = 1 − 𝑅 − 𝑇 

Equation 5-5 

The attenuation coefficient µatt can be normalized by the volumetric packing ratio p, 

marked as µatt/p.  

In the modeling calculations, the wavelength from 300 nm to 1500 nm is considered 

for all the cases. Each case's particles in 40, 100, 140, 200, 300, and 400 nm sizes are 

calculated. The mesh method for each modeling is free tetrahedral. The maximum mesh 

size is kept smaller than 1/10 of the wavelength for non-particle space. For the particle 

space, the maximum mesh size is below 1/7 of the particle size. Table 5-1 shows the number 

of mesh elements for each modeling case of a particle ensemble. Because of the random 

nature of particle placement in the domain and the domain length, each data shown in the 
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result section was the average of multiple runs (more than 30 runs) for each combination 

of specific parameters given in above.  

Table 5-1. Mesh number for each modeling case for particle ensemble.  

Particle 

diameter 

Particle 

number 

Packing 

density 

Mesh elements Wavelength 

range 

400 90 0.1 ~1.0e7 300~1500 

300 200 0.1 ~1.0e7 300~1500 

200 200 0.1 ~3.1e6 300~1500 

140 200 0.1 ~1.2e6 300~1500 

100 200 0.1 ~5.0e5 300~1500 

40 500 0.1 ~6.0e5 300~1500 

300 30 0.01 ~9.0e5 650~1500 

140 30 0.01 ~1.0e6 300~1500 

40 30 0.01 ~7.0e4 300~1500 

 

5.2.3 In the case of a single particle  

The light scattering by a single particle was also performed for the comparison. Instead 

of using Mie theory, the computational domain to calculate the light scattering of a single 

particle is shown in Figure 5-3. A spherical particle made of Na0.74WO3 was placed at the 

center of the spherical domain. This calculation part justifies using a numerical method 

instead of Mie's theory.  
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Figure 5-3. Schematic of spherical particle scattering model 

The computational domain was divided into two shell layers, i.e., near- and far-field shells. 

The dimensions of each feature follow Equation 5-6.  

{
𝑡𝐹𝐹 = 𝑟𝑝 +

1

2
𝜆

𝑡𝑃𝑀𝐿 =
1

2
𝜆

 

Equation 5-6 

Eq. ( 1 ) 

Where tFF is the thickness of the far-field domain layer; rp is the radius of the spherical 

particle; λ is the wavelength of the scattering wave; tPML is the thickness of the perfect 

match layer.  

All the geometry is in a background scattering plane wave field, traveling in an x-axis 

direction (see Figure 5-3). The scattering cross section is defined in Equation 5-7 118 as  
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𝐶𝑠𝑐𝑎 =
𝑊𝑠
𝐼𝑖

 

Equation 5-7 

Eq. ( 2 ) 

Where Csca is the cross-section of light scattering, Ws is the scattered energy that crosses 

the particle's surface; Ii is the energy of incident light on the section area of the particle. 

The absorption cross-section for a particle is definition 118 as Equation 5-8. 

𝐶𝑎𝑏𝑠 =
𝑊𝑎
𝐼𝑖

 

Equation 5-8 

Eq. ( 3 ) 

Where Cabs is the cross-section of absorption; Wa is the net (absorbed in our cases) energy 

that crosses the particle's surface; Ii is the energy rate incident on the section area of the 

particle. The extinction cross-section Cext  can then be calculated 118 as  

𝐶𝑒𝑥𝑡 = 𝐶𝑠𝑐𝑎 + 𝐶𝑎𝑏𝑠 

Equation 5-9 

Eq. ( 4 ) 

Further, the extinction efficiency Qext, scattering efficiency Qsca, and absorption efficiency 

Qabs is shown in Equation 5-10 118.  

{
  
 

  
 𝑄𝑒𝑥𝑡 =

𝐶𝑒𝑥𝑡
𝜋𝑟𝑝2

𝑄𝑠𝑐𝑎 =
𝐶𝑠𝑐𝑎
𝜋𝑟𝑝2

𝑄𝑎𝑏𝑠 =
𝐶𝑎𝑏𝑠
𝜋𝑟𝑝2

 

Equation 5-10 
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Eq. ( 5 ) 

The scattering efficiency Qext can be normalized by the effective radius aeff, which is 

equivalent to the radius rp for a spherical particle. Note that the effective -radius -

normalized scattering efficiency Qext⁄aeff has the same unit (m-1) as that of the attenuation 

coefficient, μatt.  

In the modeling calculations, the wavelength from 300 nm to 1500 nm is considered 

for all the cases. Each case's particles in 40, 100, 140, 200, 300, and 400 nm sizes are 

calculated. The mesh method for each modeling is free tetrahedral. The maximum mesh 

size is kept smaller than 1/10 of the wavelength for non-particle space. For the particle 

space, the maximum mesh size is below 1/7 of the particle size.  Table 5-2 shows the 

number of mesh elements for each modeling case of a single particle.  

Table 5-2. Mesh number for each modeling case for a single particle.  

Particle diameter  Mesh elements Wavelength 

range 

400 2.3e4 300~1500 

300 1.3e4 300~1500 

200 8.0e3 300~1500 

140 6.8e3 300~1500 

100 6.1e3 300~1500 

40 6.0e3 300~1500 
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5.3 For the validation experiment  

Experiments were further performed to validate the calculated results. The 

experimental visible-NIR spectrum for particle-suspended media was measured by the 

method published in our previous work 126. The method synthesized sodium tungsten 

bronze particles using an aerosol-assisted route and size-classified by a MOUDI (micro-

orifice uniform deposition impactor). An impactor collects particles via particle inertia 

(characterized by the particle Stokes number). Nine impaction stages are in a MOUDI. 

Most of the as-produced particles were collected at the 4th to 9th stages. The cutoff sizes of 

particles deposited in the above stages are 36 nm, 77 nm, 160 nm, 320 nm, 620 nm, and 

1,100 nm. In the light measurement, the media for the particle dispersion was IPA. All the 

samples were through ultrasound vibration to keep particles well suspended in media 

immediately before the optical characterization. The attenuation coefficient obtained from 

the measurement can be normalized by the particle mass concentration as μatt⁄c (where c is 

the mass concentration of particles).  

5.4 Result and Discussion  

5.4.1 Effect of particle size  

Figure 5-4 shows the calculated optical performance (i.e., attenuation, absorption, 

transmission, and reflectance) of an ensemble of sodium tungsten bronze particles in 

different sizes as a function of the light wavelength. The attenuation coefficient (in Figure 

5-4a) shows that the valley of the curves moved towards the longer wavelength regime as 

the particle size increased, resulting in the increase of attenuation coefficient for the NIR 

in a longer wavelength (> 1,200 nm) for large particles. The above is more obviously 

observed in the transmittance curves (in Figure 5-4b), in which the transmittance decreased 
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in a wavelength longer than 1,000 nm. Meanwhile, the transmittance of visible light 

deteriorates with the increase in particle size. The absorptance curves (in Figure 5-4c) 

indicate that the NIR shielding performance mostly results from the absorption ability of 

sodium tungsten bronze because the reflectance (in Figure 5-4d) shows much less light 

reflected than absorbed. The particles show much-enhanced absorptance in most of the 

wavelength range with the increase of particle size in Figure 5-4c. The reflectance curves 

in Figure 5-4d also show that large particles have high reflectance in the wavelength range 

above 800 nm.  

To validate the above observation, experiments were performed to characterize the 

attenuation coefficient of tungsten bronze particles sized-classified by the MOUID. The 

result of the attenuation coefficient measurement for an ensemble of sodium tungsten 

bronze particles is shown in Figure 5-5. It can be found that particles on stage s9 (i.e., the 

mean size of particles of 77 nm) have reduced NIR shielding than ones collected on stage 

s8 (mean size of 160 nm). More, for particles collected at the MOUDI’s s4 to s6 stages 

(mean sizes of 1100 nm, 620 nm, and 320 nm, respectively), the NIR shielding increases 

with the decrease in particle size. To clearly show the variation of the NIR shielding with 

the particle size, the fraction for transmitted visible and NIR radiation under the solar 

irradiation for particles in different particle sizes (both calculated and measured) is shown 

in Figure 5-6. The general trend of both calculated and measured data are consistent in 

quality. Note that the transmitted fraction of visible and NIR lights under the solar radiation 

defined herein was based on the definition of solar energy transmittance selectivity (SETS) 

in Equation 5-11 62,77,117.  
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Eq. ( 6 ) 

 

Figure 5-4. The calculated optical performance of an ensemble of sodium tungsten bronze particles in different sizes as 

the function of light wavelength: (a) for the attenuation coefficient, (b) for the transmittance, (c) for the absorptance, and 

(d) for the reflectance. The particle density was 0.1. Note that the transmittance, absorptance, and reflectance were 

normalized by the light path (the thickness of the domain) as 2,000 nm. 
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Figure 5-5. Experimental attenuation coefficient of sodium tungsten bronze particles collected on different stages of 

MOUDI. The mass concentration of particles in the carrying media was kept at 1 mg/mL. The vis-NIR spectrum 

measurement of particle suspensions was based on the method reported in our previous work 126.  

 

Figure 5-6. The comparison of the calculated and measured fractions of transmitted visible (a) and NIR (b) under solar 

radiation for particles in different sizes. The calculated transmittance was obtained by normalizing the domain height to 

2,000 nm. The thickness of the optical cell used in the measurement was 1 mm. 

According to Equation 5-11, we define the visible and NIR light transmitted fractions 

below.  

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑙𝑖𝑔ℎ𝑡 =
∫  

vis 

𝑈𝑉
𝐸(𝜆)𝑇(𝜆)𝑑𝜆

∫  
𝑣𝑖𝑠

𝑈𝑉
𝐸(𝜆)𝑑𝜆

 

Equation 5-12 



100 

 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁𝐼𝑅 =
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𝑁𝐼𝑅
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∫  
𝑁𝐼𝑅

𝑣𝑖𝑠
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Equation 5-13 

E(λ) comes from the solar irradiance measurement in a standard procedure 127. Both 

calculated and measured fractions overlapped in the particle size range of 40 - 400 nm). 

The calculated transmitted visible radiation (Figure 5-6a) shows the same downturn 

tendency observed in the experiments. For the transmitted NIR radiation (in Figure 5-6b), 

both calculated and measured data sets have a turning point as the particle size increased 

from 40 nm to 400 nm. The above indirectly supports the conclusion that the variation of 

the NIR shielding for particles in different sizes is largely due to the interaction between 

the particle size and the irradiance wavelength. Thus, fine particles (mean size of 77 nm) 

having poor NIR shielding are due to the particle size being much less than the NIR 

irradiance wavelength.  

Because individual ones primarily determine the optical property of a particle ensemble, 

we further calculated the optics of a single particle under light radiation to determine how 

a single particle of different sizes interacts with the irradiance. Figure 5-7a shows the 

extinction efficiency normalized by the effective radius Qext⁄aeff  (which equals the radius if 

the particle is spherical). The unit of Qext⁄aeff, which is m-1, is the same as that of the 

attenuation coefficients 𝜇𝑎𝑡𝑡 in the particle ensemble modeling. Compared with the data 

obtained in the particle ensemble modeling (in Figure 5-4), the Qext⁄aeff curves for a single 

particle (shown in Figure 5-7a) have less difference in the NIR range, particularly for 

particles in the 300 nm and 400 nm sizes. The particle ensemble modeling shows higher 

sensitivity on removing NIR in the irradiance for particles of 300 nm to 400 nm. The 
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extinction efficiency Qext of a single sodium tungsten bronze particle is also given in Figure 

5-7b. The peaks of the extinction curves moved towards the red wavelength and became 

flat as the increase of particle size. In other words, large particles easily interact with long 

wavelengths. The extinction efficiency of particles composes of scattering and absorption 

efficiency (shown in Figure 5-7c and d, respectively). It can be found that (1) the scattering 

efficiency of particles is generally higher than the absorption ones, and (2) the difference 

in the scattering efficiency as the change of particle size is also larger compared to that for 

the absorption coefficient. The above finding in single particle modeling contradicts that 

in particle ensemble modeling.  
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Figure 5-7. The calculated optical performance of single tungsten bronze particles in different sizes: (a) extinction 

efficiency (normalized by the effective radius of the particle); (b) extinction efficiency, (c) scattering efficiency, and (d) 

absorption efficiency. 

To further evidence the role change of the reflectance (or Qsca) and absorptance (or Qabs) 

in the particle ensemble (Figure 5-4d and c, respectively) and single particle cases (Figure 

5-7c and d, respectively), the ratio of the reflectance (or Qsca) to the absorptance (or Qabs) 

is calculated in Figure 5-8. It can be found that the ratio value in Figure 5-8a is much lower 

than in Figure 5-8b. It again indicates that the removal of irradiance beam energy is mostly 

undertaken by absorption in the particle ensemble modeling, but the removal is mainly 

done by scattering in the single-particle case. We also found that particles with a large size 

have higher values for both ratios in the NIR range compared with those for particles of 
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small sizes. The above finding indicates that the particle’s reflection (or scattering) 

increased in the NIR shielding with the particle size increase. One possible explanation for 

the observed difference between the particle ensemble and single particle cases is that the 

multiple scattering among particles dramatically increased the chance of the NIR energy 

absorption. Moreover, NIR absorption is very limited for a single particle when normalized 

by its size dimension. However, for multiple particles, the differently increased total 

absorption of NIR can make large differences in each size case. That is why the curve of 

Qext⁄aeff (Figure 5-7a) on the NIR range shows less difference for each size when compared 

to the μatt (Figure 5-4a).  

 

Figure 5-8. (a) The ratio of the reflectance to absorptance (R/A) was obtained in the particle ensemble modeling (in 

Figure 5-4d and c). (b) The ratio of the scattering efficiency (Qsca) to the absorption efficiency (Qabs) was obtained from 

a single particle modeling (in Figure 5-7c and d).  

Figure 5-9 shows a particle's far-field light scattering pattern in several sizes under a 

specific wavelength. It is found that the 40 nm-sized particles have scattered radiation 

mainly in the backward and forward directions at the wavelengths of 420 nm, 730 nm, and 

1500 nm (Figure 5-9a, b, and c). A particle in 140 nm also shows a similar scattering pattern 

for the 1500 nm wavelength (Figure 5-9f). If the energy in the scattering direction is largely 
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in the backward or forward directions, the scattered radiation would have less opportunity 

to encounter another particle in the particle ensemble cases since the limited spreading in 

the scattering direction. However, for a particle in the 300 nm diameter, the scattering 

direction is widely spread for the wavelength of 1,390 nm and 1,500 nm (on the back 

hemisphere and both sides), which can increase the chance of encountering other particles. 

The above is also why the ratios of R/A (in Figure 5-8a) in the NIR range for a large particle 

are higher than those for small particles.  

 

Figure 5-9. The calculated light scattering pattern in the far field of a single particle. The wave-traveling direction of 

waves is in the  𝑥-axis. In the first column, (a), (d), and (g) are for the cases with the particle having the minimum 

extinction in the visible light range. The second column, (b), (e), and (h), are for the cases having the maximum extinction 

in the NIR range. The third column, (c), (f), and (i), are for the cases with the upper limit of the wavelength (i.e., 1,500 

nm) in the modeling.  
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5.4.2 Effect of particle density (or concentration) 

To support the hypothesis of multiple particles increasing the absorption of NIR 

scattered energy, we performed the particle ensemble modeling at two different particle 

densities (0.01 and 0.1) for particles of different sizes. The results of our calculation are 

shown in Figure 5-10. It is found that, for 40nm particles, the low packing density case has 

the higher attenuation coefficient curve (μatt⁄p) in the 600 nm to 800 nm wavelength range 

(which is partially corresponding to the measured data in Figure 5-11d), but the attenuation 

in two packing density cases is at the same level for 300nm particles (which is close to the 

particle size in Figure 5-11a). It indicates that the effect of multi-scattering in different 

particle packing densities is the reason for the role change in the NIR absorption.  

Figure 5-10b, c, and d show the ratio of reflectance to absorptance of particles in two 

different volumetric packing densities. It is found that small particles (40 nm) in a lower 

packing density (p = 0.01) largely have a lower value of R/A ratio than that in a higher 

packing density (p = 0.1), particularly in the NIR range. For particles in the 140 nm size, 

the curves of the R/A ratio for two different packing densities became close to each other 

as the wavelength increased and eventually crossed each other in the NIR range. Moreover, 

for particles in the 300 nm size, the R/A curve for the p = 0.01 case is over that for the p = 

0.1 cases in most of the NIR range. It can thus be expected that, for particles with a larger 

size, the R/A curve for the p = 0.01 case would be much higher than that for the p = 0.1 

cases in the NIR range. Given the result shown in Figure 5-8a, it is found that particles with 

a large size would have a higher fraction of reflection in removing NIR incident energy. At 

a fixed mass concentration of particles, the average distance between two particles 

increases with particle size increase. Under the above condition, the multiple light 
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scattering effect should decline with particle size increase. The increased absorption 

resulting from the multiple light scattering effects is also expected to decrease. When the 

average distance among particles is much larger than the irradiance wavelength, the 

situation would be like single-particle scattering.  

 

Figure 5-10. (a) The calculated attenuation coefficient (normalized by the particle packing density) of multiple particles 

in 40 nm and 300 nm diameters and at the particle packing density of p = 0.01 and p = 0.1. The ratio of the reflectance 

to absorptance (R/A) obtained from the particle multiple ensemble modeling (at the particle packing densities of 0.01 

and 0.1) for particles in the diameters of 40 nm (b), 140 nm (c), and 300 nm (d).  

To further support the above modeling result, the optical characterization of particle 

samples collected at the MOUDI stages s6 to s9 was performed at three different particle 

mass concentrations (i.e., 0.1, 1.0, and 10 mg/mL). The result of the optical characterization 

is given in Figure 5-11. It is found that for particles on the MOUDI stages s9 to s6 (in 
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Figure 5-11d, c, b, and a, respectively), the higher the particle mass concentration, the lower 

the attenuation coefficients (μatt⁄c) in the NIR wavelength range. It indicates that the 

interaction of particles with the NIR decreased with the decrease in particle concentration. 

As shown in Figure 5-8b, the ratio of Qsca⁄Qabs increases with particle size increase in the 

NIR wavelength range. The multiple particle scattering can also increase the overall light 

scattering in the forward direction (i.e., less NIR shielding for each particle) at a high 

particle concentration (i.e., the reduced intraparticle distance). The difference between the 

cases of small and large particles is that, for the particles in small sizes (less than 320 nm), 

the total forward scattering increase is not comparable to the absorption increase. It is why 

particles from MOUDI stages s6, s7, s8, and s9 share the same tendency: the higher the 

particle concentration, the lower the normalized attenuation coefficient.  
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Figure 5-11. The measured light attenuation coefficient (normalized by particle mass concentration) for the suspension 

of Na0.7WO3 particles collected on different stages of MOUDI. The mean size of particles collected on each MOUDI 

stage is 320 nm (s6), 160 nm (s7), 77 nm (s8), and 36 nm (s9). The particle mass concentration in the suspension is in 

the unit volume of carry media.  

5.4.3 Effect of particle shape  

Figure 5-12 shows the spectrum result of cubic sodium tungsten bronze particles 

compared to the spherical one. The cubic and spherical particles share the same volumetric 

diameter of 140 nm. The cubic particle shows a higher attenuation on NIR, as shown in 

Figure 5-12a. The transmittance in Figure 5-12b also shows the stronger shielding on the 

wavelength beyond 1000 nm. As shown in Figure 5-12c, the absorptance spectrum 

demonstrates that most enhanced NIR shielding comes from the absorption, other than the 

reflectance. Because the value of reflectance in Figure 5-12d is much lower than the 
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absorptance in Figure 5-12c. Thus, multiple scattering enhanced NIR shielding for cubic 

particles more than the spherical one. The localized surface plasmon resonance (LSPR) 

gives the sharp corner and edge a more intensified electric field on the surface than the 

spherical one 114, enabling the cubic nanoparticles to absorb the more specific NIR 

radiation.  

 

Figure 5-12. The calculated optical performance of an ensemble of cubic and spherical sodium tungsten bronze particles 

in 140 nm as the function of light wavelength: (a) for the attenuation coefficient, (b) for the transmittance, (c) for the 

absorptance, and (d) for the reflectance. The particle density was 0.1. Note that the transmittance, absorptance, and 

reflectance were normalized by the light path (the thickness of the domain) as 2,000 nm. 

Moreover, for the other sizes of particles, Figure 5-13 shows both cubic and spherical 

sodium tungsten bronze particles in several sizes. For each size from 40 to 400 nm, the 

cubic particles always show a high attenuation in the NIR range, especially for the smaller 
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particles. The difference between the same size of spherical and cubic particles becomes 

smaller with the increasing particle size. Further, the curve peak for the cubic particles 

moves to the red side than the spherical ones. Among the cubic particles, the particles of 

the larger sizes show enhanced shielding in the long wavelength NIR range, which is the 

same as the spherical ones in different sizes.  

 

Figure 5-13. Comparison of the calculated optical performance of an ensemble of cubic and spherical sodium tungsten 

bronze particles in 40, 100, 140, 200, 300, and 400 nm as the function of light wavelength.  

5.5 Conclusion  

In conclusion, we compare particle ensemble and a single particle of Na0.7WO3 

modeling results to investigate the size, concentration, and shape effect on NIR shielding 

for sodium tungsten bronze. The experimental results in different particle sizes and 

concentrations confirm the modeling result. The tendency of modeling results on the 

integral of shielded NIR can follow the experimental result.  
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The multiple scattering between particles in the particle ensemble can greatly increase 

the absorption of NIR. This enhancement of NIR absorption is much higher than the 

reflection part, especially for the smaller particles. Under different concentrations, the ratio 

of the reflectance to absorptance on the NIR range for small particles at low concentrations 

is lower than at the high concentration. While for the large particle, the difference between 

the high and low concentrations cases is not so obvious. That means the smaller particle 

has a better mass efficiency for NIR shielding at a lower concentration. The experiment 

result also evidences it for the sodium tungsten bronze particles below 320 nm, the better 

mass efficiency for NIR shielding was achieved at the lower concentration. As for the 

sodium tungsten bronze particle's shape, the cubic shape shows better NIR shielding than 

the spherical ones due to the higher enhancement of NIR absorption intensified by the 

multi-scattering.  
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Chapter 6. Conclusion and future works  

6.1 Experimental setups in the aerosol synthesis of tungsten bronze particles  

We introduced the main setups used in our experiment to synthesize tungsten bronze 

particles. The setups have various components to control the flow rate, the moisture, the 

carrier gas, the precursor aerosol, and the corrosion. The dilution flow has a minor effect 

on the particle size. An example of a droplet-assisted synthesis process to produce sodium 

tungsten bronze particles in one step is given. The precursor droplets vaporize and 

crystallize in the tube furnace.  

6.2 Precursors and solvents in the aerosol synthesis of tungsten bronze 

particles  

Then, we explored how different precursors/solvents affect the tungsten bronze 

particles. The alkali species in the precursor determines the type of tungsten bronze. The 

same atomic ratio of M/W (M = Na, K, and Cs) can produce similar products with different 

solvents. Some examples of solvents and reagents are given. The water-based precursor 

solution produces high-quality tungsten bronze particles for different alkali species. We 

also studied how moisture concentration and heating temperature influence the quality of 

sodium tungsten bronze particles from the methanol-based precursor. The quality depends 

on the sodium content in the precursor solution. Higher sodium content and higher furnace 

temperature improve the quality. Enough moisture reduces the byproduct.  

The particle formation and chemical reaction in the process are also included. The 

methanol solvent evaporates and acts as a reductive regent to help particle crystallization. 
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The Na/W ratio in the precursor solution affects the phase and purity of the sodium tungsten 

bronze particles. The cubic phase (Na0.70WO3) particles have higher visibility and lower 

impurity than the tetragonal phase (Na0.57WO3) particles. Both phases can shield NIR light.  

6.3 Effect of particle size on NIR shielding  

We completed the production and characterization of sodium tungsten bronze particles 

by an aerosol-assisted process. The particles have high purity and crystallinity and can 

shield NIR light. The particle size distribution and the optical transmittance of size-selected 

particle samples were measured by MOUDI and SETS index. The optimal size range for 

NIR shielding and visible light transmittance was determined. The optical modeling 

explained the NIR shielding loss for small particles.  

6.4 Optic modeling of tungsten bronze particles  

We investigated the comparison of particle ensemble and single particle modeling for 

sodium tungsten bronze and its effect on NIR shielding. The modeling results are consistent 

with the experimental results for different particle sizes and concentrations. The multiple 

scattering increases the NIR absorption more than the reflection, especially for smaller 

particles. Smaller particles have better mass efficiency for NIR shielding at lower 

concentrations. Cubic particles have better NIR shielding than spherical ones because of 

more multi-scattering.  

6.5 Suggestions for future research  

As for the aerosol synthesis of tungsten bronze particles, even though we can synthesize 

the particles only via the water solvent and cheap precursor, the particles’ size cannot be 

tuned in existed setup. If dilution flow cannot make the size of particles tunable, 
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synthesizing the particles at low pressure close to a vacuum in a vertical setup may work 

because, without the thermal and gravity interpretation, the growth of the nanocrystals can 

be more controllable.  

In the NIR shielding application in practice, the diameter of each particle follows some 

distribution for the ensemble of particles. Moreover, the shape of the particles differs from 

each other. Thus, particle optical modeling can be more precise if the particles' size and 

shape are modeled based on some distributions.  
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Appendix: Photos  

 

Figure 0-1. Part of the setup to generate aerosol flow before entering the furnace.  

 

 

Figure 0-2. Part of the setup with the dilution flow and nebulizer.  
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