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Hollow silica nanospheres (HSNS) have been the subject of intense studies as a possible building block that may
successfully bring about nano insulation materials (NIM) with substantially reduced thermal conductivity. The
reported thermal conductivity values of the HSNS are currently ranged between 20 and 90 mW/(mK). In this
work, we have investigated the thermal properties of HSNS as a function of the corresponding structural pa-
rameters such as inner pore diameter, porosity, shell thickness, and size of the silica nanoparticles constituting

the shell of HSNS. HSNS with sizes less than 100 nm was specifically synthesized in an attempt to lower the
expressed thermal conductivity values to be below 20 mW/(mK), which may be used as a potential target to-
wards superinsulation materials used in building applications. Furthermore, synthetic approaches to gain in-
sights into the mechanism and formation of HSNS, i.e., the influence of reaction parameters on the structural
characteristics of HSNS, have been thoroughly discussed in this work.

1. Introduction

Hollow silica nanospheres (HSNS) have garnered much attention due
to their unique properties such as low density, high porosity, large
surface area to volume ratio and encapsulating ability [1,2], which have
led to significant advances in applications for biomedical, electrical, and
construction sectors [3-7]. HSNS may provide noticeable advantages to
explore for miscellaneous thermal insulation applications [8]. For
example, previous studies have demonstrated thermal insulation prop-
erties of HSNS, i.e., a reduced low thermal conductivity of about 20-90
mW/(mK), comparable to that of stagnant air of about 26 mW/(mK)
[8-12]. It is intriguing that HSNS may potentially enable a new gener-
ation of nano-porous insulation materials with small pore sizes and low
volume fraction of solid [13,14].

Distinctive advantages of HSNS for thermal insulation applications
are amongst others, their controllability, i, e., thermal properties of
HSNS being promptly modified by utilization of their structural char-
acteristics, such as inner pore diameter and shell thickness. In general,

HSNS can be classified as an air cavity enclosed by an inorganic shell
with tailored structural features, where the voids are usually correlated
to the use of sacrificial templates during the synthesis of HSNS [15].
Thus, the inner pore size of HSNS can be readily controlled by using the
templates, e.g. polyacrylic acid (PAA) or polystyrene (PS), with different
dimensions; the shell thickness of HSNS can be adjusted by a controlled
growth and deposition of silica nanoparticles; and the shell morphology,
depending on the reaction conditions, may be dense or porous. There-
fore, it is possible to capitalize on the apparent structural features of
HSNS to tailor their size-dependent thermal insulation properties.
Currently, the lowest reported thermal conductivity values of HSNS
are typically of about 20 mW/(mK). For example, Liao et al. reported a
thermal conductivity of ~20 mW/(mK) using 30 method for HSNS
powder with a typical inner diameter of ~200 nm and a shell thickness
of ~40 nm. Gao et al. (2013) reported a thermal conductivity value of
~20 mW/(mK) using HotDisk measurement for HSNS powder with an
inner pore diameter of about ~150 nm and a shell thickness of ~20 nm.
Recently Li et al. (2014) presented a theoretical model to analyze the
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parameter variation on the thermal conductivity values of HSNS as-
semblies. They suggested that HSNS have the potential to reach a
thermal conductivity as low as ~10 mW/(mK). Prior studies mostly
account for thermal conductivity values of HSNS powder with pore sizes
greater than 150 nm. However, the size effect on the thermal conduc-
tivity reduction becomes more prominent as the dimension reaches sub-
100 nm range [16], where the pore size becomes comparable to the
mean free path of the gas molecules (~70 nm, 300 K, 1.0 atm) that may
well alter the gaseous thermal conductivity values. The existing 10
mW/(mK) gap between theoretical and experimental values may be
bridged by investigating, say, inner pore diameter or shell thickness.
However, it remains a significant challenge to experimentally validate
the HSNS thermal properties.

The objective of this study is to optimize the thermal performance of
HSNS with respect to parameter variations, specifically HSNS with inner
pore sizes less than 100 nm, in an attempt to substantially lower the
thermal conductivity far below 20 mW/(mK), which may present a less
expensive alternative towards superinsulation materials (SIM).

2. Experimental
2.1. Chemicals and materials

Reagent grade styrene (St), polyvinylpyrrolidone (PVP; Mw ~ 40k
Da), potassium sulfate (KPS), ammonium hydroxide (NH4OH, 28-30 wt
%), tetraethyl orthosilicate (TEOS), ethanol (96%) and methanol
(99.8%) were purchased from Sigma Aldrich and employed as as-
supplied without additional purifications. Monodisperse polystyrene
spheres (PS), with mean diameter of 46 nm (SD 5 nm) and 85 nm (SD 2
nm) were purchased from Corpuscular Inc., New York, USA and Micro
Particles GmbH, Germany, respectively. The commercial PS spheres
were used as received. The mean diameter of the PS purchased from
Corpuscular Inc., New York, USA was remeasured using both Hitachi S-
5500 SEM and Nanosight-LM10 nanoparticle analysis, and corrected at
79 nm (SD 5 nm) not the original 46 nm advertised by the manufacturer.

2.2. Methodology

Various fabrication methods of HSNS with details can be found from
earlier studies [17-24]. In this study, HSNS was formed using the
sacrificial-template method as depicted in transmission electron mi-
croscope (TEM) images given in Fig. 1. Polystyrene (PS) was used as
template for providing the nucleation site for the growth of silica shell,
which in theory can be any other material with suitable morphology,
such as liquid droplets, solid particles [10] or gas bubbles [11,25]. Given
the widespread knowledge that exists within silica-based materials, as
well as possessing certain characteristics, e.g. abundance, low-cost, low
thermal conductivity, non-flammable and environmentally friendliness
of silica, it is considered as one of the best possible candidate materials
for achieving the hollow nanospheres for thermal insulation purposes.
Tetraethyl orthosilicate (TEOS) was used as the silica precursor to form
the shell structure. It is worth to note that other silica source materials
such as water glass (NaSiO3) may also be used for successful synthesis
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of HSNS [24].

2.3. Synthesis of polystyrene templates

Polystyrene (PS) templates were synthesized via an emulsion poly-
merization process, where the ratio of PVP/St was varied to adjust the
size of the obtained PS spheres. For a typical synthesis, 10 g of styrene
and desired amount of PVP were homogenized in 100 mL of distilled
water at room temperature (RT) for 10 min in a 250 mL Erlenmeyer
round flask. The mixture was maintained at a constant temperature of
~70 °C applying a hotplate with heat-on block under stirring conditions
of 450 rpm. Chosen KPS amount dissolved in 10 mL of distilled water
was then added to the mixture slowly and the reaction solution was kept
stirring for 24 h. The obtained PS solutions are designated as PS-size, e.g.
PS-90, as shown in Table 1.

2.4. Coating of PS templates with TEOS and subsequent calcination

Tetraethyl orthosilicate (TEOS) was used as the silica precursor to
form the shell structure. For a typical synthesis, 8 g of PS solution was
dispersed in 140 mL of 96% ethanol at 450 rpm for 15 min. Then 4.5 mL
of NH4OH was added and pH value of the system was maintained at
around 11. Afterwards, the mixture was stirred for 15 min. TEOS solu-
tion (5 mL TEOS in 5 mL of ethanol) was then added to the Erlenmeyer
round flask using a Nexus 3000 syringe pump. Four different infusion
pump rates were adopted, i.e. 15, 35, 160, and 450 pl/min. The final mix
was left stirring at 450 rpm for 8 h at RT. All the coated PS-silica samples
were subjected to centrifugation at 5000 rpm for 15 min, air dried
overnight and calcined at 440 °C for 6-8 h (heating rate = 5 °C/min) to
remove the PS template cores by calcination.

2.5. Characterization

The commercial Netzsch laser flash apparatus (LFA 457) and Netzsch
differential scanning calorimetry (DSC 204 F1 Phoenix) were used for
the thermal diffusivity a and the specific heat capacity ¢, measurements,
respectively. A special sample holder specifically designed for powder
samples were used in the measurements. Thermal conductivity A values
of HSNS samples can be calculated by Refs. [26,27]:

Table 1
Obtained PS samples of different sizes as result of varying the PVP/St ratio and
KPS amount.

Polystyrene-nm PVP/Styrene KPS Weight/Volume
Ratio (Aqueous Solution)

PS-213 0.1334 0.131  22%

PS-150 0.1612 0.142  22%

PS-100

0.1976 0.166 22%

Commercial PS-85 (Micro 5%
Particle GmbH, Germany)
Commercial PS-79 (Corpuscular - - 5%

Inc, New York)

Remove
Template

=

=]
—_

Fig. 1. TEM images showing (left) PS nanosphere used as the template, (middle) PS template coated with silica nanoparticles synthesized from hydrolysis of TEOS,
and (right) well-defined core-shell structure of a hollow silica nanosphere after template removal through calcination at 440 °C.



S.A. Mofid et al.

A=apc, @

The final thermal conductivity values were the result of arithmetic
mean of four individual measurements under the same conditions. A
transmission electron microscope (TEM, JEM-2010) and a scanning
electron microscope (SEM, Hitachi S-5500) were employed to charac-
terize the morphology and microstructures of the as-synthesized mate-
rials. Analysis with secondary electrons were employed at an
acceleration voltage of 10 kV and emission current of 10 pA while 30 kV
was employed for bright field transmission mode in S(T)EM mode.
Nanosight-LM 10 with blue laser (405 nm wavelength) was adopted to
keep track of the count and sizing of the nanoparticles on individual
basis.

3. Results and discussion
3.1. Size determination of PS templates

Although a few articles have reported the synthesis of nano- or
micro-sized PS spheres with respect to various chemical reaction con-
ditions such as initiator types, stabilizer types and concentration and
styrene concentrations [28-30]; synthesis of stable and highly mono-
dispersed PS spheres with small sizes, e.g. less than 100 nm, remains
challenging. In this study, a series of experiments were performed to
investigate the role of the initiator system (KPS) in determining particle
size distribution. Systematic synthesis of highly monodispersed PS
spheres as a function of the PVP/St ratio can be found from our earlier
study displayed in Fig. 2b. Fig. 2a presents newly achieved PS sizes in
relation to varying PVP/St proportion. Smallest PS size (100 nm) was
achieved for PVP/St: 0.1976 g shown in Table 1. In addition, we found
that once the PVP concentration reached a certain value, i.e. PVP con-
centration 2.1 g in PVP/St: 0.21 g (Fig. 2a) size of the PS spheres no
longer changed. On the contrary, further increase of PVP/St ratio pre-
vented the formation of monodisperse PS spheres and resulted in the
formation of bimodal PS particles. This may be due to the
over-dispersing effectiveness of PVP on St. which increases the surface
tension on PS particles and halts the formation of monodisperse parti-
cles. Furthermore, in the absence of PVP, polydisperse PS particles
(spherical to oval) with varying sizes from nano to micron range were
formed, leaving the PS particles exposed to the slightest variation in KPS
and temperature during the polymerization process. PVP participates in
polymerization reaction as a stabilizer or surfactant and the growth
profile of the PS particles can be attributed to the stabilizing effect of the
surfactant PVP on styrene. Further details concerning the effect of PVP
on the size of PS particles can be found from our earlier study [24].

Therefore, the control over size and polydispersity is thus important
because of the close relationship between properties of the polymer and
the particle sizes. In this study, the mean particle size was determined
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using a scanning electron microscope (SEM, Hitachi S-5500) and the size
distribution is precisely measured by a Nanosight-LM10 nanoparticle
analysis system based on conventional optical microscope, using a blue
laser (405 nm wavelength) source to illuminate nano-scale particles that
appear individually as point-scatterers moving under Brownian motion.
This way, the polydispersity and multimodal system are instantly rec-
ognisable and quantifiable. For example, the sample prepared at optimal
PVP/St ratio of 0.1976 (Fig. 4) show a polydispersity index (PDI) of
<0.1, confirming a narrow particle size distribution. Fig. 3 and Fig. 4
both display the polystyrene spheres with a mean diameter of 85 + 2 nm
and 100 £ 3 nm, respectively, which fulfils the goal of achieving <100
nm dimension.

3.2. The effect of the initiator system on particle size and distribution

Potassium persulfate (KPS) (an anionic type initiator), is one of the
most commonly used initiators in the conventional emulsion polymeri-
zation in aqueous solutions [31-33]. In this work we used KPS for the
polymerization of styrene in the presence of both distilled water and a
mixture of distilled water and methanol as the co-solvent (20%). Addi-
tion of methanol reduces the surface interfacial tension between the
aqueous phase and particles. Similar studies both by Adelnia et al. [34]
and Kim et al. [35], shows that the addition of methanol causes an in-
crease in medium viscosity which can facilitate the particle coagulation.
Particle coagulation is a process that transpires during the particle
nucleation/growth. Certain factors like e.g. viscosity of the media and
reaction temperature directly influence this process [31,34]. The theory
of Smith-Edwart (micellar theory) as well as a separate study by Sajjadi
etal. [36], both anticipated that the particle number was proportional to
the 0.40th and 0.39th power of the KPS concentration, respectively [37].
Both theories correlate the particle size with initiator concentration,
suggesting that the particle size of the final medium decreases with
increasing the initiator concentration. However, in our study we found
out the particle size systematically increased with increasing of the
initiator concentration (90, 135, 155, 195 nm at 0.13, 0.15, 0.174,
0.1968 g, respectively). Our result shows an opposite trend to that of
standard emulsion polymerization. This is because as KPS concentration
increased, a larger number of free radicals were formed, which in turn
increased the number of polymer nuclei and promoted particle coagu-
lation. In addition, an increase in the KPS concentration accelerated the
growth of existing oligomers, nuclei and nanoparticles [38]. The particle
sizes corresponding to different initiator concentrations are depicted in
Fig. 5.

3.3. Coating of the PS templates with TEOS

To form a regular and uniform silica nanoparticles layer, tetraethyl
orthosilicate (TEOS) was hydrolyzed and condensed on the PS sphere
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Fig. 2. (a) Graph embedded with the SEM image shows the smallest mean diameter of PS spheres in this work was achieved for PVP/St: 0.1976 at 100 nm, (b) Graph
from our previous study by Ng et al. [24] displays dependence of PS particles as a function of PVP/St.
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Fig. 3. SEM images displaying size of the polystyrene spheres, PS-85 (top) and
it’surface morphology (bottom).

surface. Hollow SiO; spheres with mesoporous shells were then
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achieved after a thermal degradation process to remove the PS template
core. In this study, coating of the samples through a modified Stober
approach under alkaline condition was successful and showed high
reproducibility and stability in its formation. The nanospheres were
formed demonstrating a raspberry-like morphology (Fig. 6). After
calcination at 440 °C, the HSNS samples kept the same appearance and
emerged as monodispersed globes of consolidated silica particles
depicted in Fig. 6. Under SEM and TEM imaging, these nanospheres
were found to be hollow, confirming the successful removal of the PS
particle template after the calcination (Fig. 7, left).

From the TEM image it can be seen that upon calcination, the loosely
bound silica particles are adhered more tightly together and there still
remains gaps between individual silica nanospheres within each
coating, exhibiting a highly porous structure. Usually, the shell thickness
is measured from the projection in the TEM, which is given by black
shaded ring that encircles the hollow core. However, in this study, the
surface of the particles doesn’t appear to be smooth and particles do
make aggregates and clusters, in addition, no clear sintering necks be-
tween spheres or clusters can be observed in the TEM image. Therefore,
to avoid confusion and for better precision, shell thickness is determined
as the average size of silica nanoparticles forming a monolayer around
the PS template after calcination; which accounts for average size of the
individual silica nanoparticles along with the average size of the contact
area between adjacent silica nanoparticles. Fig. 6 shows HSNS samples
with the same inner pore diameter but with different shell thicknesses,
where the variation of the shell thickness is directly due to the amount of
TEOS used during the coating process.

To achieve complete coverage of the silica shell, TEOS concentration
has to be higher than 0.2 M. This signified that a mono-to bilayer of
nanosilica was formed around the PS template during the coating pro-
cess. The synthetic system was sensitive to pH value. Relatively low pH
values led to incomplete silica coating procedures while free silica
particles and roughened SiO-shell surfaces were observed at higher pH-
values (>10.0) as shown in Fig. 7, indicating that heterogeneous
nucleation of the silica precursor occurred in the reaction medium.
Creation of individual silica nanospheres may be attributed to the for-
mation of largely segregated silicate oligomer species under alkaline
conditions, which cannot undergo inter-penetration before drying. The
shape and size of the final products are impartial to the mode of TEOS/
ethanol addition, suggesting that the synthesis route of the silica
monomers is particularly based on the size of the PS templates, surface

Intensity

Polydispersity= 0.0437

0 100 200 300

400 500 600 700

Size (nm) [linear]

Fig. 4. Nanosight LM10 graph displays the unimodal result measured for the as-synthesized polystyrene sample with mean diameter 100.4 nm (PS-100) and

Polydispersity Index 0.0437.
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Fig. 5. SEM images of the measured PS particles prepared by one-step polymerization of styrene with various amount of KPS as the sole polymerization instigator
parameter and methanol solution as co-solvent to the aqueous phase (weight ratio:20/80).

g

20.0kV x110k SE 11/26/2

Fig. 6. SEM images display measured nanosilica particles prepared from (a) 4 mL, (b) 5 mL, (c¢) 7 mL and (d) 15 mL TEOS, forming mono-to bilayer around the PS
template with average particle sizes (a) 34 nm, (b) 54 nm, (c) 67 nm and (d) 104 nm, defining the shell thickness.

tension of forming silica particles and their interaction with medium,
rather than the kinetic parameters or condition, which points towards a
robust formation pathway.

3.4. Thermal conductivity of HSNS

The effective thermal conductivity of HSNS is the coupling result of
Asolid — thermal conductivity of solid backbone of HSNS, Agas — thermal

conductivity of gas is governed by both the gas inside the HSNS nano-
scale pores and the gas in the inter-HSNS as depicted in Fig. 8. Here the
contribution of infrared thermal radiation on the effective thermal
conductivity can be ignored at room temperature according to the
earlier studies [39,40]. It can be seen from the internal nanostructure
shown in Fig. 8 that the structural parameters, such as shell thickness,
contact area between neighboring nanoparticles, hollow spheres size
and the packing density could influence the heat conduction of solid
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e

Fig. 7. (a) TEM image showing successful formation of uniformly coated and roughened SiO,-shell surfaces of HSNS synthesized from PS-150 at pH-value 11.0, (b)
randomly deposited and unsuccessful uniform coating of silica nanoparticles on the PS surface at lower pH-value 8.0.

10.0kV x180k SE 5/18/2017

Fig. 8. Schematic illustration of various contributions to thermal conductivity
in HSNS.

phase. For gaseous thermal conductivity Ag,s, as shown in Fig. 8, the
spherical shells separate air in two ways, i.e. one enclosed in the
spherical shell (yellow arrows in Fig. 8b), whose amount and pressure is
controlled during synthesis, where the thermal conductivity is largely
affected by the inner pore diameter inside the spherical shell [41]. The
second one fills the inter-particle spaces between the silica nanospheres
connecting to the ambient environment (red delimitations in Fig. 8a).
The latter presents a similar situation as gas in open-cell porous medium
such as aerogels [42], in which gaseous thermal conductivity is mainly
determined by structural parameters such as packing density, and the
outer diameter of the hollow spheres. Clearly the thermal conductivities
of both gas and solid can be tailored by tuning the structural parameters
of the HSNS during synthesis.

Fig. 9 displays the effective thermal conductivities of the samples
measured using the laser flash method after calcination as function of
inner diameter and shell thickness. The lowest thermal conductivity
value is recorded for HSNS-2 sample with the smallest inner pore
diameter (85 nm) and the largest structural density (Table 2). It is known
that the solid thermal conductivity of the open-cell structure increases
with the increase of the structural density [43-45]. The result indicates
that the gaseous thermal conductivity of the sample HSNS-2 has been
greatly suppressed due to a strong Knudsen effect inside the shell. The
study by Wang et al. [46] shows thermal conductivity of air can be

reduced to less than 10 mW/(mK) as the cell size decreased to 100 nm in
an polymeric foam. Similar study by Notario et al. [47] also shows close
correlation between the pore size and the thermal conductivity justified
by a strong Knudsen effect. The Knudsen effect has been previously
experimentally demonstrated in other porous materials, i.e., aerogels
[48,49], ceramics [50], foams [47,51]; suggesting that reducing the
pore size remains an effective way to substantially reduce the gaseous
thermal conductivity which is the key contributor to the effective
thermal conductivity of porous materials.

Furthermore, a measured ~6 mW/(mK) difference in thermal con-
ductivity is also found between the HSNS-2 (5 mL TEOS, D = 85 nm, ST
= 34 nm) and HSNS-2 (14 mL TEOS, D = 85 nm, ST = 104 nm) shown in
Fig. 9. When the average shell particle size decreases e.g. in Fig. 6d (104
nm) and Fig. 6a (34 nm), the contact area is reduced, thus exhibiting
larger porosity. According to the study by Lin et al. [52], smaller thermal
contact resistance due to the enhanced contact between nanoparticles
will lead to a higher thermal conductivity. Moreover, the numerical
results by Li et al. [8] and Jia et al. [11] also show that, decreasing the
spherical shell thickness or reducing the contact area can efficiently
lower the contribution from the solid phase. The obtained values show
consistency with the previous results, indicating that one possible reason
behind reduction of the thermal conductivity is due to the reduced
contact area inbetween adjacent silica nanoparticles and the shell
thickness, which can lower the contribution from the solid phase. The
trend of provided results proves that tuning the structural parameters
such as inner pore diameter, shell thickness and contact area between
neighboring nanoparticles can effectively reduce the effective thermal
conductivity and enhance the overall thermal performance of HSNS
assemblies.

4. Limitations and future work

In this work, we have experimentally validated that the reduction in
thermal conductivity is only due to combination of the Knudsen effect
and modification of the contribution of the solid phase. However, at a
relative low density (0.1 g/cmg) and reduced pore size (<85 nm),
further reducing the pore diameter and significant thinning of the shell
thickness: 1- is very complicated to achieve experimentally, 2- doesn’t
ensure further reduction in effective thermal conductivity and better
insulation performance. This may be due to significance of contribution
from the thermal radiation as the pore, shell size become so thin
compared to infrared electromagnetic radiation wavelength which will
exhibit strong interference and scattering behaviours [46,53,54]. In
another word, reduced thermal conductivity contributed by the thermal
conduction can be compensated by an increased radiative thermal
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Table 2

Measured thermal conductivity values of HSNS samples with various inner pore diameters and constant shell thickness of ~34 nm.

Samples Inner diameterD g avg (NM) Thermal diffusivity (mm?/s) Density (g/cm?) Heat capacity(J/(gK)) Thermal conductivity (W/(mK))*
HSNS-1* 78 £2 - - - -

HSNS-2" 85+ 2 0.102 0.190 0.74 0.0143

HSNS-3 100 + 3 0.144 0.180 0.74 0.0192

HSNS-4¢ 150 + 5 0.195 0.175 0.74 0.0253

HSNS-5 213+5 0.236 0.170 0.74 0.0297

Bulk silica - ~1.4

Silica aerogel - 0.12 ~0.017%°

 Size of the commercial polystyrene nanospheres (w/v 5% aqueous) by manufacturer Corpuscular Inc., New York, USA, D = 46 nm, was remeasured by us using
Hitachi S-5500 SEM and Nanosight-LM10 nanoparticle analysis and corrected at, D = 79 nm. Polystyrene nanospheres could not be coated successfully, therefore
thermal conductivity measurement and analysis wasn’t performed for this sample.
Y Commercial polystyrene nanospheres (w/v 5% aqueous) with mean diameter of 85 nm and standard deviation of 2 nm were purchased from Micro Particles GmbH,

Germany.

¢ Monodisperse 150 nm PS nanospheres were chosen to be coated using 4, 5, 7 and 15 mL of TEOS, to achieve controlled proportion of shell thickness under stable
conditions, the average between highest (213 nm) and lowest (79 nm) of PS size was chosen for shell thickness variations.
4 The uncertainty of the measurement is evaluated based on the measurement errors and the systematic errors (~5.0%).

conductivity at lower densities in the nanoscale. The current transient
methods, including the laser flash apparatus doesn’t consider the ther-
mal radiation in their theoretical models, but based on our calculation
and an earlier study [46], we strongly believe that there exist an
approximate 20% contribution from the thermal radiation at the nano-
scale within the lower densities. Future work should emphasize on the
addition of opacifier or reflecting agent to effectively block the infrared
radiation and modulate the emissivity at different temperatures. In
addition, hydrophobic treatment to further avoid vapor condensation,
which in turn increases the thermal conductivity remains a crucial issue
that has to be addressed in the future experimental study.

5. Conclusions

In this work, hollow silica nanospheres (HSNS) with varying inner
pore diameter and shell thickness sizes have been successfully synthe-
sized to study the influence of structural parameters on the effective
thermal conductivity. The structural features of HSNS were controlled
by applying different polystyrene (PS) sacrificial nanosphere templates
in order to synthesize HSNS with different properties. The results

showed that decreasing the size of the sacrificial template (polystyrene
nanoparticles), from ~213 nm to 80 nm, can achieve a suppressed
thermal conductivity of <20 mW/(mK), suggesting a strong Knudsen
effect inside the shell which lowered the contribution of the gas phase. In
addition, given the same inner pore diameter, we found that decreasing
the average nanoparticle size, constituting shell thickness, from ~104
nm to 34 nm, showed a reduced ~6 mW/(mK) difference in thermal
conductivity which exhibited a lowered contribution from the solid
phase. Our study validated the size-dependent thermal conduction at the
nanoscale and demonstrated that HSNS assemblies clearly yield thermal
properties intermediate to those of gas and solid by tuning the structural
parameters. Hence, due to the versatility in modifying their thermal
properties, HSNS represent a foundation for the development of super-
insulation material that can be used for thermal building insulation
applications.
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