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Today's world is confronting mounting challenges and pressures from urbanization, industrial expansion,
and the effects of climate change. These forces are fueling a surge in energy consumption, placing heavy
demands on our limited resources. Buildings are a key contributor to this issue, as the need for cooling,
heightened by heat from sunlight streaming through windows, emphasizes the critical importance of
adopting energy-efficient solutions. Near-infrared (NIR) shielding glass, which blocks NIR radiation while
allowing visible light transmission, is a promising approach for reducing cooling demands. Antimony-
doped tin oxide (ATO) nanoparticles, known for their high thermal stability and electrical conductivity,
offer a viable solution for NIR shielding due to their localized surface plasmon resonance (LSPR) effect. In
this study, we systematically investigate the influence of the nanostructure, especially the crystal/particle
diameter, on the NIR shielding performance of ATO nanoparticles synthesized via flame spray pyrolysis
(FSP). Flame-made ATO nanoparticles ranging from around 5 to 35 nm were synthesized, characterized,
and evaluated for their optical properties across the UV-VIS-NIR spectrum. The results reveal a strong
dependence of NIR shielding performance on the crystal/particle diameter, with ATO nanoparticles aver-
aging 20 nm demonstrating optimal NIR absorption while maintaining high visible light transmittance.
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X-ray photoelectron spectroscopy analysis indicates that the Sb>*/Sb>* ion ratio plays a crucial role in
modulating the free electron concentration and enhancing LSPR. Our findings demonstrate that precise
engineering of the ATO crystal/particle diameter and composition by FSP can significantly enhance their

rsc.li/nanoscale optical performance, facilitating their application in energy-efficient smart glass technologies.
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1. Introduction

The modern world faces unprecedented challenges driven by
rapid urbanization, industrial growth, and climate change.
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enthalpy density, hydrodynamic particle size of flame-made ATO NPs by DLS
measurement, wide-scan XPS spectra of the as-synthesized ATO NPs, calcu-
lations for equivalence ratios of each flame condition for synthesizing various-
sized ATO NPs, normalized representation, 3D visualization of UV-VIS-NIR
spectra and optical band gap calculations using the Tauc plot method for flame-
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Energy consumption has soared to meet the demands of
expanding populations and technological advancements,
placing immense pressure on finite natural resources. In the
face of mounting energy demands and escalating environ-
mental challenges, the need for innovative solutions to
enhance energy efficiency has never been more urgent."?
Buildings play a pivotal role in this challenge as they are
responsible for a substantial portion of energy consumption.’
Cooling systems consume vast amounts of energy,™” exacer-
bated by solar heat gain through windows. Near-infrared radi-
ation (NIR), which constitutes a significant fraction of solar
energy, penetrates conventional windows and causes indoor
temperatures to rise, increasing the demand for air
conditioning.”® As energy consumption rises, so do green-
house gas emissions, making it essential to find innovative
ways to reduce heat transfer into buildings. The development
of NIR shielding glass, designed to block the infrared portion
of sunlight while allowing visible light to pass through, offers
a promising solution to enhance energy efficiency, reduce
cooling costs, and minimize environmental impacts.”®

This journal is © The Royal Society of Chemistry 2025
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To address energy consumption challenges, considerable
attention has been given to integrating advanced materials
such as antimony-doped tin oxide (ATO),>°** indium-doped
tin oxide,'*'® cesium-doped tungsten oxide,"”>* and lantha-
num hexaboride,>* leveraging their optical properties - par-
ticularly NIR-shielding capabilities - to improve energy
efficiency. Among these materials, ATO nanoparticles (ATO
NPs) have emerged as a promising candidate due to their NIR-
shielding properties,*'*?> high thermal stability,”® and excel-
lent electrical conductivity.' ATO NPs are n-type semi-
conductors with a wide bandgap, which can effectively block
NIR radiation by the localized surface plasmon resonance
(LSPR) effect, a phenomenon where free charge carriers (elec-
trons) oscillate in resonance with incident electromagnetic
waves, particularly at NIR frequencies. This oscillation leads to
strong absorption and scattering of NIR light while maintain-
ing high visible light transmittance.'>"® This dual functional-
ity is crucial for developing energy-efficient windows that can
reduce the energy load for air conditioning without compro-
mising natural lighting. Additionally, the LSPR effect is also
largely dependent on the nanostructure, especially the crystal/
particle diameter of the material, which determines the
efficiency of the surface interaction between light and the
material.”’*° Therefore, precise engineering of the nano-
structure during synthesis is crucial for achieving the high
NIR-shielding performance of the ATO NPs.

In addition, aerosol processes are advanced synthesis tech-
niques that enable the production of nanoparticles with con-
trolled sizes,>** morphologies,>*® and compositions.?”*?
Among these, the flame spray pyrolysis (FSP) method stands
out for its efficiency and versatility in synthesizing nano-
particles with controllable size and composition, as evidenced
by previous studies.”>*® Unlike solution-phase methods,
which require multiple processing steps such as precipitation,
aging, washing, drying, and calcination, FSP enables a single-
step, continuous gas-phase synthesis. This approach offers
precise control over particle formation while significantly redu-
cing processing time and energy consumption. In one such
study, Médler et al. successfully controlled the silica particle
size by adjusting the oxidant and precursor fuel composition
in the FSP process.*® Additionally, the rapid quenching at high
temperature during FSP enables the formation of metastable
phases that are challenging to achieve through wet-chemical
methods, further broadening the range of tunable material
properties. For instance, Mohammadi et al. demonstrated
FSP’s versatility in controlling the composition of MnO, nano-
particles by monitoring the high-temperature residence time
of droplets.*” Additionally, FSP stands out for its high pro-
duction rates, flexibility in doping with various elements, and
ability to produce nanoparticles with narrow size distribution
and high purity.*®**° These advantages make FSP a suitable
method for synthesizing ATO NPs, offering enhanced NIR
shielding performance alongside industrial scalability.

In this study, for the first time, we systematically investigate
the effect of the crystal/particle diameter of flame-made ATO
NPs on NIR-shielding performance. By synthesizing ATO NPs
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of varying sizes through FSP, we aim to elucidate the crystal/
particle diameter that maximizes NIR absorption while ensur-
ing high visible light transmittance. Our findings provide criti-
cal insights into the design and application of ATO-based
nanomaterials for energy-efficient window technologies. The
ability to fine-tune the NIR-shielding performance through
nanocrystal/particle diameter engineering not only enhances
the material’s functionality but also broadens its applicability
in various architectural and automotive contexts. This study
underscores the potential of FSP as a robust and scalable
method for producing high-performance NIR-shielding
materials, paving the way for more energy-efficient building
solutions.

2. Experimental section
2.1 Synthesis of flame-made ATO NPs

ATO NPs with various sizes were synthesized using the FSP
method. The precursors for the synthesis were tin(u) 2-ethyl-
hexanoate (C;6H300,Sn, Sigma Aldrich) and antimony(um) eth-
oxide (Sb(OC,Hs);, Sigma Aldrich), which were dissolved in
xylene (CeH4(CHz3),, Sigma Aldrich) as the solvent. Solutions
with total concentrations of tin and antimony at 0.1, 0.5, 1 or
1.2 mol L™" were prepared, maintaining an antimony concen-
tration corresponding to 10 at% of total concentrations. The
10 at% Sb was chosen to optimize NIR shielding and visible
light transmittance, as higher Sb can reduce crystallinity, while
lower Sb limits free electron density for plasmonic
performance.'>*® These solutions were dispensed using a
syringe pump at a controlled rate (1.5-25 mL min~") and ato-
mized using a two-fluid nozzle (model AM6, ATOMAX Co.,
Shizuoka, Japan) in the presence of oxygen at a flow rate of 3
or 4 L min~". Both the feed flow rate and oxygen flow rate were
varied to control the crystal/particle diameter of the ATO NPs.
The atomized solutions were then combusted using a pre-
mixed methane/air flame with flow rates of 1.55 L min™" and
6.67 L min~", respectively. ATO NPs were collected using the
glass microfiber filter (Whatman, @ 240 mm, Sigma Aldrich)
and used for optical measurements without further purifi-
cation. The prepared ATO NPs were designated as ATO-X,
where X represents the rounded crystal diameter, calculated
from XRD patterns with the Scherrer equation, ranging from 5
to 35 nm.

2.2 Material characterization

The morphologies of the prepared samples were observed
using transmission electron microscopy (TEM; JEM-2010, 200
kv, JEOL Corp., Japan). The elemental analysis was conducted
by energy-dispersive X-ray spectroscopy (EDS) using scanning
transmission electron microscopy (STEM) (JEM-3000F, 297 kv,
JEOL Corp., Japan). X-ray diffraction (XRD) was conducted to
investigate the crystal structure of the synthesized particles
using Bruker D2 PHASER model apparatus (Billerica,
Massachusetts, USA) under operating conditions at 40 kV and
30 mA. Specific surface areas (SSA) were determined from
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nitrogen adsorption-desorption obtained at 77 K using a
BELSORP-max instrument model with the Brunauer-Emmett-
Teller (BET) method. The chemical compositions of the as-pre-
pared products were analyzed using an X-ray photoelectron
spectrometer (XPS, ESCA-3400, Shimadzu Corp., Kyoto, Japan,
operating at 10 kv and 20 mA) equipped with a standard
monochromatic Mg-Ka source (Av = 1253.6 eV). The binding
energy data were calibrated with respect to the C 1s signal of
the ambient hydrocarbons (C-H and C-C) at 284.3 eV and the
Shirley method was used for background subtraction. The
hydrodynamic diameters of flame-made ATO NPs were
measured using a Zetasizer Nano ZSP (Malvern Instrument
Inc., London, UK). For evaluating NIR shielding performance,
ATO NPs with various crystal/particle diameters were dispersed
in ethanol at a concentration of 0.05 wt%. The UV-VIS-NIR
transmittance spectra of dispersed solutions of ATO NPs were
measured using a V-770 UV-Visible/NIR Spectrophotometer
(JASCO Corp, Japan) employing quartz standard cells, T-21-
UV-10 (TOSOH Corp, Japan).

3. Results and discussion
3.1 Characterization of flame-made ATO NPs

Fig. 1a illustrates the formation process of ATO NPs during
flame spray pyrolysis. This synthesis technique allows for
precise control of nanoparticle characteristics by adjusting
various flame parameters, such as the flow rates of dispersion
gas and fuels, along with the precursor concentration and feed
rate.*® These factors together enable fine-tuning of the particle
diameter and composition, making FSP an efficient method
for synthesizing ATO NPs with tailored properties. The TEM
images of the ATO NP series synthesized via FSP reveal a
diverse range of nanocrystal sizes, exhibiting a distinct trend
of enhanced crystal/particle growth as the size progressively
increases from approximately 5 to 35 nm (Fig. 1b and section
1, ESIt). This progression suggests that the FSP conditions
effectively promote controlled crystal/particle growth, yielding
nanoparticles with varied, yet predictable sizes. The particle
diameter histograms exhibit relatively narrow geometric stan-
dard deviations (o), highlighting the uniformity in size distri-
bution across the samples (Fig. 1c). This consistency under-
scores the precision of the FSP method in controlling size dis-
tribution despite variations in size.

Furthermore, high-resolution TEM (HRTEM) images
further confirm the crystalline nature of the ATO NPs, with
visible lattice fringes indicating high crystallinity across
different particle diameters (Fig. 1d and section 1, ESIf). This
demonstrates the FSP method’s effectiveness not only in con-
trolling the particle diameter but also in preserving the struc-
tural integrity of the nanoparticles. Additionally, Fig. 1e pre-
sents a spatially resolved compositional analysis of the syn-
thesized ATO NPs (ATO-5, ATO-20, and ATO-35) using STEM
combined with EDS. The EDS elemental maps confirm a
homogeneous distribution of antimony in both the ATO-5 and
ATO-20 samples, regardless of the particle diameter, demon-
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strating effective incorporation of Sb dopants into the SnO,
lattice. In contrast, the ATO-35 sample exhibits uneven Sb dis-
tribution across the prepared particles. This phenomenon may
be attributed to the reduced combustion efficiency at high
feed rates (25 mL min~"), which results in the incomplete com-
bustion of the precursor solution. Consequently, this leads to
localized Sb enrichment and non-uniform doping. Such an
imbalance in Sb incorporation may affect the NIR shielding
performance by altering the optical and electronic properties
of the ATO NPs, underscoring the importance of carefully con-
trolled synthesis conditions for achieving uniform dopant
distribution.

To gain deeper insight into the crystalline properties of
flame-made ATO NPs, XRD patterns for various sized ATO NPs
were analyzed and are presented in Fig. 2a. The XRD patterns
of flame-synthesized ATO NPs (ATO-5 to ATO-35) correspond to
the standard XRD pattern of rutile SnO, (COD no. 1534785).
The absence of antimony species (metal Sb, Sb,0O3, Sb,05) in
the XRD patterns further confirms that Sb is effectively incor-
porated into the SnO, crystal lattice, substituting for Sn to
form a solid solution. At an Sb doping concentration of 10 at%
in flame-synthesized ATO samples, no notable peak shifts are
observed compared to the standard rutile SnO, pattern, due to
the minimal size difference between Sn*" ions (ionic radius
0.083 nm) and Sb>" ions (ionic radius 0.074 nm).>! This struc-
tural stability enables doping concentrations up to 30 at% Sb
without inducing significant alterations to the overall crystal
structure.”® The increasing intensities of the XRD peaks,
especially for the 110 and 101 reflections, can be attributed to
the nanocrystalline nature of the synthesized ATO particles. By
applying the Scherrer equation, the crystal diameter is esti-
mated, revealing an increasing trend of the average crystal dia-
meter across the ATO NP samples.

In addition, Fig. 2b presents the SSA of the synthesized ATO
NPs obtained from nitrogen adsorption-desorption measure-
ment at 77 K with the BET method, revealing a clear trend
where the SSA decreases as the crystal/particle diameter
increases, ranging from 173.00 m* g~* for the ATO-5 sample to
24.02 m* ¢! for the ATO-35 sample. This observation aligns
with the fundamental principle that smaller particles possess
a larger surface area relative to their volume, as they expose
more surface atoms or molecules. In contrast, as the particles
grow larger, their surface-to-volume ratio diminishes, leading
to the corresponding reduction in SSA. Additionally, from
nitrogen adsorption-desorption measurements and SSA
values, the average BET particle diameter of ATO NPs can be
calculated, assuming the particles are spherical and free from
aggregation or sintering (Fig. 2b and section S2, ESIf). In
terms of the LSPR effect, both the size and SSA play critical
roles in determining the NIR shielding performance, which
will be further discussed later. Additionally, through the inves-
tigation of flame conditions and the subsequent calculations,
the exponential relationship between the combustion enthalpy
density and the crystal diameter (d.), particle diameter (d,)
and average BET diameter (dpgr) of ATO NPs is illustrated in
Fig. 2c. Detailed calculations for dggr and flame conditions for

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic of crystal/particle growth of ATO NPs in the FSP process. (b) TEM images of ATO NPs with various particle diameters (approxi-
mately 5-35 nm). (c) Histograms of particle diameter distribution, measured from at least 300 nanoparticle diameters using TEM images of each
ATO NP sample. d, o and N values represent the geometric mean, geometric standard deviation, and number of measured particles, respectively.
(d) HRTEM images depicting the crystalline nature of ATO-5, ATO-20 and ATO-35 and (e) their STEM—EDS elemental maps for Sn, Sb, and combined
Sn/Sb (calculated based on peak analysis, ROI at%, and noise consideration).

the as-synthesized ATO NPs are provided in section S3 (ESIf). ditions of FSP. The minimal difference observed between dj,
The result further demonstrates the potential for predicting and d., ranging from 0.8 to 6.3% across the synthesized ATO
synthesized crystal/particle diameters based on flame con- NPs (Fig. 2¢), strongly suggests that these ATO NPs exist predo-
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Fig. 2 (a) XRD patterns of variously sized ATO NPs ranging from 4.8 to 34.5 nm, (b) the SSA of all flame-made ATO NPs and (c) the relationship

between the crystal diameter (d.), particle diameter (d,) or average BET diameter (dger) of the prepared samples and the combustion enthalpy

density of flame conditions.

minantly as single crystals instead of polycrystalline structures.
The largest observed discrepancy, found in the ATO-5 sample
with the smallest particle diameter, remains within a negli-
gible range, further supporting the conclusion of monocrystal-
line morphology. In polycrystalline nanoparticles, a more sig-
nificant discrepancy between particle and crystal diameters is
typically expected due to the presence of grain boundaries and
multiple crystalline domains within each particle. Therefore,
the consistent alignment of particle and crystal dimensions
across various samples synthesized via FSP highlights the pre-
dominance of single-crystalline characteristics in these ATO
NPs, which may enhance their structural stability and uniform-
ity in electronic and optical properties. The observation that
dger values are consistently larger than d. for most of the syn-
thesized ATO samples, with only minimal differences ranging
from 1.4% to 12.3% (highest in the ATO-10 sample), suggests
limited occurrence of aggregation and sintering during the
flame synthesis process. This suggests that the synthesis con-

13370 | Nanoscale, 2025,17,13366-13377

ditions employed in FSP are effective in minimizing particle
aggregation and maintaining non-aggregated ATO NPs, enhan-
cing their utility for applications requiring high surface area
and stability. Besides that, the hydrodynamic diameters (dy,) of
various sized ATO NPs were also provided and are discussed in
section S4, ESL{ The obtained results from DLS measurement
reveal the increasing trend of d), with other dimension para-
meters (d,, d. and dgpr). While ATO-5 to ATO-25 exhibit a
gradual size increase, a significant jump is observed for ATO-30
(357.85 nm) and ATO-35 (415.53 nm), indicating enhanced
agglomeration. This deviation can be attributed to stronger
interparticle interactions, as larger particles experience reduced
specific surface area while increasing van der Waals forces,
leading to clustering in dispersion. Furthermore, FSP synthesis
conditions influence particle interactions, as larger ATO NPs
undergo higher collision rates during synthesis, promoting the
formation of soft agglomerates. These factors contribute to the
large hydrodynamic sizes in DLS measurements.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 XPS spectra for Sb 3ds, of the various sized ATO NPs (a—g) ATO-5 to ATO-35 and (h) Sb>*/Sb°* ratios obtained by deconvoluting the peak of

Sb 3d3/, of the prepared samples.

XPS measurements were conducted to further investigate
the chemical composition and antimony valence states of the
prepared ATO NPs. The wide-scan XPS spectra of the as-pre-
pared ATO nanoparticles revealed peaks corresponding to Sn,
Sb, O, and C, providing additional confirmation that the Sb
element was successfully incorporated into the crystal struc-
ture (section S5, ESIT). Fig. 3a—g depict the results of the Sb
3d;3,, peak within the range of 536-542 eV. The data revealed
the coexistence of two valence states of Sb in all flame-made
ATO NPs. Through deconvolution of the Sb 3d;/, curve, two
distinct peaks at around 538.9 and 539.8 eV were identified,
corresponding to Sb®" and Sb>" ions, respectively.>>* The
results further indicate significant differences in the Sb**/Sb>*
ratios among the variously sized ATO NPs, as shown in Fig. 3h.
Specifically, the Sb>* ion fraction reaches 67% in the ATO-5
sample, gradually decreasing as the crystal/particle diameter
increases. This trend can be explained by the variation in the
equivalence ratio (#) under different synthesis conditions,
when controlling the nanoscale size of ATO NPs (ranging from
5 to 35 nm). Detailed calculations of the equivalence ratio for
each flame condition are presented in section S6 (ESIt). To
synthesize larger sizes of ATO NPs, modified synthesis con-
ditions with a higher precursor feed rate resulted in a corres-
ponding increase in the & value. Beginning with a & value of
0.44 for the smallest size ATO NPs (ATO-5), indicating fuel-lean
conditions under which the fuel undergoes complete oxi-
dation, the ratio progressively increases, reaching a highest
value of 6.75 in ATO-35, which reflects fuel-rich conditions

This journal is © The Royal Society of Chemistry 2025

characterized by a deficiency of an oxidative agent in the com-
bustion process. This lack of oxidation potential in the fuel-
rich environment hinders the oxidation of Sb*" to Sb>*, result-
ing in an increasing Sb**/Sb>* ratio as the size grows. The
optical properties of the as-synthesized ATO NPs, particularly
their NIR shielding performance, are significantly influenced
by their electrical characteristics.>> Among the two valence
states of antimony present in ATO NPs, Sb>" ions act as elec-
tron acceptors, while Sb>" ions serve as electron donors,
directly affecting the concentration of free electrons of the
material. Consequently, when both valence states coexist, their
opposing effects can partially neutralize each other, which can
be considered to explain their optical performances. When
n-doping is predominantly driven by Sb>" ions, a higher con-
centration of free electrons is contributed to the conduction
band, leading to an enhancement of the LSPR effect of the syn-
thesized material.>® This, in turn, results in strong NIR shield-
ing performance. Conversely, when Sb®" ions dominate, the
NIR shielding performance is significantly reduced.

3.2 Evaluating NIR shielding performance

To further investigate the optical performance of the syn-
thesized ATO NP samples with varying sizes, UV-VIS-NIR
spectra (covering the spectral range of 200-2000 nm) were
measured for 0.05 wt% ATO NP solutions, with ethanol used
as the blank reference, as shown in Fig. 4a. Furthermore, the
normalized spectra and 3D visualization of UV-VIS-NIR spectra
are presented in Fig. S6 (ESI{). The obtained results demon-
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Fig. 4 (a) UV-VIS—NIR spectra of flame-made ATO NPs with various crystal/particle diameters (around 5-35 nm) and (b) their average transmit-

tance in the UV and NIR ranges. (c) Tauc plot for determining the optical band gap (Eg) of the as-synthesized ATO NPs and (d) the obtained band gap

value.

strate shifts in the UV-VIS-NIR spectra of various sized ATO
NPs, indicating that the optical properties of these nano-
particles are dependent on their size across the UV, visible,
and NIR wavelength ranges. This spectral dependence high-
lights the influence of nano size on light absorption and scat-
tering characteristics within the synthesized ATO NPs. As
shown in Fig. 4b and Table S5 (ESIf), in the UV region
(200-380 nm), an increase in blocking performance is
observed as the ATO NP size grows, with ATO-35 blocking up
to 99.95% of UV light, compared to 92.66% for ATO-5. This
enhancement is attributed to the larger particles having
enhanced light scattering ability, which leads to improved

13372 | Nanoscale, 2025, 17,13366-13377

blocking performance of UV photons.”® In the visible range,
smaller ATO NPs (5-15 nm) exhibit higher transmittance,
maintaining levels above 40%. In contrast, as the crystal/par-
ticle diameter increases (20-35 nm), visible transmittance
decreases significantly, with the ATO-35 sample showing only
15.09% transmittance. This suggests that smaller particles
offer better transparency in the visible range, while larger par-
ticles tend to have higher blocking performance due to
increased scattering and absorption. Furthermore, the
relationship between NIR transmittance and ATO NP size is
shown in Fig. 4b. The NIR transmittance (Tyz) decreases pro-
gressively from 42.26% to 33.61% as the crystal/particle dia-

This journal is © The Royal Society of Chemistry 2025
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meter increases from 5 to 20 nm, indicating improvements in
NIR shielding performances in this size range. However, as the
crystal/particle diameter increases further (from 20 to 35 nm),
a reduction in NIR shielding efficiency is observed, suggesting
a diminishing ability to block NIR radiation in larger particles.
Based on the optical properties of the ATO NP series, it is
evident that the ATO-20 sample exhibits the highest NIR per-
formance while maintaining high visible transmittance,
making it suitable for smart window applications.

The band gap energy (E;) of ATO NPs with sizes ranging
from 5 to 35 nm was determined from the UV-VIS-NIR spectra
using the Tauc plot method. Based on the calculated E values,
the electrical properties of flame-made ATO NPs were analyzed
to evaluate their variation trends, with detailed calculations

View Article Online
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provided in section 7 (ESIf). Fig. 4c and d present the linear
fitting results from Tauc plots for various samples and the
corresponding E, values. The results indicate a gradual
decrease in E, with increasing crystal/particle size, from 4.30
eV for ATO-5 to 3.67 eV for ATO-35. This trend can be attribu-
ted to quantum confinement effects, which are more pro-
nounced in smaller nanoparticles. For the smallest particles
(ATO-5), the band gap is significantly wider than that of bulk
SnO, (~3.6 eV) due to strong quantum confinement. As the
particle size increases, the band gap gradually narrows,
approaching values closer to that of bulk ATO. The ATO-20
sample, with a band gap of 3.87 eV, represents a transition
point where quantum confinement effects begin to diminish.
Furthermore, the influence of band gap energy variations
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N

Scattered light

Scattered light

I

Geometric cross-
Photon interaction increases

»

section increases

Scattering effect strength increas_

b) LSPR effect when increasing crystal size of flame-made ATO NPs

mth decreases due the increase of Sb3*/Sbh®* ratio

-

of free electron

Transmitted light

High concentration

Low concentration
of free electron

I

Conduction band

Conc. of free electrons decreases
Specific surface area decreases

»

v

Conduction band

411 eV

Valence band

Band gap narrows

T 3.66 eV

[
»

Valence band

LSPR effect strength increases due to the narr_

Fig. 5
ATO NPs in the NIR region.

This journal is © The Royal Society of Chemistry 2025

Illustration for trends of (a) the scattering effect strength and (b) the LSPR effect strength corresponding to the crystal/particle diameter of
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across different ATO NP sizes on the LSPR effect and NIR
shielding performance will be discussed in greater detail in
the following section.

Furthermore, these optical shielding performances can be
generally explained by the combined effects of light scattering
and LSPR, both of which are significantly influenced by the
ATO NP size. In the visible light region, the influence of light
scattering is more pronounced than that of LSPR due to the
nanoparticle size relative to the wavelength of visible light. For
smaller particles, light scattering is minimized, allowing more
visible light to pass through, whereas larger particles scatter
light more effectively.>®>* As a result, the light scattering effect
intensifies with increasing ATO NP size, leading to reduced
visible light transmittance.

In contrast, in the NIR range, the optical performance is
governed by both the light scattering effect and the LSPR
effect, as illustrated in Fig. 5. Here, the light scattering effect
also tends to increase with the size of ATO NPs, enhancing
NIR shielding performance due to the increase of the cross-
section diameter for producing stronger scattered light signals
at different angles, which results from their increased inter-
action with the light field (Fig. 5a).”®

While the light scattering effect enhances NIR shielding per-
formance as the ATO NP size increases, the influence of the
LSPR effect exhibits a more complex interplay between free elec-
tron concentrations and band gap energy, as illustrated in
Fig. 5b. Specifically, the Sb**/Sb°" ratio increases with the ATO
NP size, leading to a reduction in free electrons available for
plasmonic excitation. Moreover, the concurrent decrease in SSA
further limits the surface-active sizes for free electrons, collec-
tively weakening the LSPR effect as the dimensional parameter
of ATO NPs increases. Conversely, the calculated E, follows a
narrowing trend with increasing nanoparticle size (Fig. 4d),
facilitating electron promotion to the conduction band and
thereby enhancing the LSPR effect. This competing influence
introduces a trade-off in the LSPR effect strength. Smaller par-
ticles, such as ATO-5, benefit from an abundance of free elec-
trons due to the predominance of Sb®" species; however, their
wider band gap (4.11 eV) restricts electron excitation, ultimately
limiting the LSPR effect. In contrast, while larger particles, such
as ATO-35, exhibit a narrower band gap (3.66 eV), the predomi-
nance of Sb** species leads to a reduction in free electron avail-
ability, thereby also weakening the LSPR effect.

Considering the combined influence of both light scatter-
ing and the LSPR effect, the optical shielding performance of
ATO NPs is dictated by the interplay between these two mecha-
nisms, both of which are size-dependent. In the NIR region,
light scattering is significantly enhanced as the particle size
increases due to the larger interaction cross-section with inci-
dent light, improving NIR shielding efficiency. However, exces-
sive particle growth reduces the SSA and alters the Sb>*/Sb>*
ratio, lowering the free electron concentration and diminish-
ing the LSPR effect despite the concurrent band gap narrow-
ing. As a result, ATO-20 emerges as the optimal composition,
where the synergistic contributions of light scattering and
LSPR are maximized. At this intermediate particle size, light

13374 | Nanoscale, 2025, 17,13366-13377
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scattering is sufficiently strong to enhance NIR shielding,
while the Sb**/Sb* ratio and band gap width are balanced to
maintain effective plasmonic resonance.

4. Conclusions

In conclusion, this study systematically investigated the effects
of nanoscale properties (crystal/particle diameter and SSA) on
the NIR shielding performance of flame-made ATO NPs. The
results reveal that the optical performance of ATO NPs is highly
dependent on their size due to the combined effects of light
scattering and LSPR. In the visible range, light scattering is the
dominant factor, with larger particles scattering light more effec-
tively and reducing transmittance. In the NIR range, both light
scattering and LSPR influence shielding performance. The light
scattering effect increases with the dimensional parameters of
ATO NPs, enhancing NIR shielding efficiency due to the larger
cross-sectional area for light interaction. However, LSPR experi-
ences complex behavior, influenced by the size-dependent vari-
ations of the Sb>*/Sb>" ratio, SSA, and band gap energy. In the
case of smaller particles, such as ATO-5, they benefit from
higher free electron concentrations but face limitations due to a
wider band gap. In contrast, larger ATO NPs, such as ATO-35,
exhibit narrower band gaps but suffer from reduced free electron
availability due to the higher proportion of Sb®* species. The
optimal NIR shielding performance is observed in ATO-20,
where the effects of light scattering and LSPR are maximized. At
this intermediate size, both the light scattering and LSPR
mechanisms are balanced, resulting in efficient NIR shielding.
These findings provide valuable insights into tailoring the
crystal/particle diameter of flame-made ATO NPs for specific
applications in energy-efficient coatings, smart windows, and
other light management technologies. However, to further vali-
date these findings and assess the practical applicability of ATO
NPs in real-world scenarios, follow-up experiments will be con-
ducted to evaluate their NIR shielding effectiveness in functional
coatings and smart window applications. Specifically, ATO NP-
based films and coatings will be fabricated and subjected to
spectroscopic and thermal measurements to quantify their NIR
absorption and heat-blocking capabilities under simulated sun-
light. Additionally, the influence of the ATO NP concentration
and dispersion within polymer matrices on NIR shielding per-
formance will be investigated to optimize material formulations
for potential industrial applications. These future studies will
provide essential insights into the practical implementation of
flame-made ATO NPs for energy-efficient coatings and light
management technologies, addressing their role in mitigating
climate change and global warming.
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