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ABSTRACT: The application of manufactured nanomaterials provides not only advantages
resulting from their unique properties but also disadvantages derived from the high energy use
and CO2 burden related to their manufacture, operation, and disposal. It is therefore important
to understand the trade-offs of process economics of nanomaterial production and their
associated environmental footprints in order to strengthen the existing advantages while
counteracting disadvantages. This work reports the synthesis, characterization, and life cycle
assessment (LCA) of a new type of superinsulating materials, nano insulation materials
(NIMs), which are made of hollow silica nanospheres (HSNSs) and have great flexibility in
modifying their properties by tuning the corresponding structural parameters. The as-prepared
HSNSs in this work have a typical inner pore diameter of about 150 nm and a shell thickness
of about 10−15 nm and exhibit a reduced thermal conductivity of about 0.02 W/(m K)
because of their size-dependent thermal conduction at the nanometer scale. The energy and
raw material consumption related to the synthesis of HSNSs have been analyzed by the LCA method. The results indicate that
the recycle of chemicals, up-scaling production, and use of environmentally friendly materials can greatly affect the process of
environmental footprints. New synthesis routes for NIMs with improved thermal performance and energy and environmental
features are also recommended on the basis of the LCA study.

KEYWORDS: hollow silica nanospheres, nano insulation materials, thermal insulation, life cycle assessment, embodied energy,
environmental footprint

1. INTRODUCTION

The past couple of decades have witnessed an exponential
growth of research and development activities in nano-
technology, which has been making a ground-breaking impact
on various science, engineering, and commercial sectors.1,2

Although the application of nanotechnology in biomedical and
electronic industries is still of priority to some extent,1,2 the
construction industry has recently started seeking out a way to
advance conventional building materials/components by using
a variety of nanomaterials.3−5 It has been revealed that the
application of nanotechnology can improve vital characteristics
of building materials, such as strength and durability, and
endow them with new and useful properties.3−5 Silica aerogels,
for example, are a nanoporous translucent material with very
low density and low thermal conductivity compared to other
known solids.6,7 The unique properties of silica aerogels make
them an ideal multifunctional material for various applications,8

for example, as thermal insulation materials9 and window
glazing10 in the building sector. However, silica aerogels are
very brittle and costly, which hinder their practical applications
in many areas.11 Many research efforts have therefore been
carried out to enhance the mechanical properties of silica
aerogels12−14 and also to reduce their manufacturing costs.15,16

The promising future of silica aerogels also inspires research
dedicated to new nanomaterials or nanostructures that have
similar or better properties compared to silica aerogels.17−21

Carbon nanotube aerogels19 and graphene aerogels,20,21 for
example, have recently been developed and exhibit novel
structural and electrical properties, offering possibilities for
various applications. Another example is nano insulation
materials (NIMs),22 which can be assembled by using hollow
silica nanospheres (HSNSs) with dimensions of about 100 nm
and exhibit a reduced thermal conductivity of about 0.02 W/(m
K),23−25 comparable to that of silica aerogel granules.11 One
distinctive advantage of HSNS NIMs for thermal insulation
application is their controllability; i.e., by modification of the
particle size and porosity, their thermal and/or other properties
can be controlled over a large range.23 Nevertheless, it must be
pointed out that turning the conceptual HSNS NIMs into
practical thermal insulation materials may require substantial
research efforts dedicated to this field.
Nowadays, it is generally accepted that any new materials or

technologies shall be developed in accordance with the
principles of sustainable development.26 The application of
nanomaterials provides obvious advantages thanks to their
unique properties. On the other hand, disadvantages may be
derived from the high energy use and CO2 burden related to
the manufacture, operation, and disposal of nanomaterials.27,28
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It is therefore critical to understand the trade-offs of process
economics with their associated environmental footprints in
order to build on existing strengths while counteracting
disadvantages. Life cycle assessment (LCA) represents a
comprehensive framework that quantifies ecological and
human health impacts of a product or system over its complete
life cycle.29 Not surprisingly, research applying the LCA
approach to the area of nanomaterials and nanotechnology is
of great interest.29−40 Literature covering silica aerogels,30

carbon nanotubes,31−33 carbon nanofibers,34,35 silver nano-
particles,36 and several nanoenabled products37−40 has so far
been reported. However, it must be pointed out that there are
still many issues that need further precision for application of
the LCA approach in the field of nanotechnology.29 Moreover,
application of the LCA approach for other nanomaterials,
especially the newly developed nanomaterials with specific
functions, is scarce.
It is obviously interesting and important to apply the LCA

approach to the development of HSNS NIMs. This is of
particular importance at the early stage of development because
many different synthetic approaches with different energy and
environment features can be employed,23−25 which will affect
the ecological impacts of the final NIMs. In this work, we report
the synthesis and characterization of HSNSs with reduced
thermal conductivities, which may be used to assemble NIMs
for various applications. A “cradle-to-factory gate” LCA
approach30 is conducted and reveals the importance of the
recycle of chemicals, up-scaling production, and use of
environmentally friendly materials to improve both the thermal
performance and energy features of HSNSs. On the basis of the
LCA results, new synthetic routes for HSNSs for NIM
applications are recommended. The methodology reported
here can also be extended to other nanomaterials, where the
concern for their energy and environmental impact is of high
priority.

2. SYNTHESIS OF HSNS
2.1. Materials and Chemicals. Reagent-grade styrene

(99%), poly(vinylpyrrolidone) (PVP; Mw ≈ 40000), potassium
persulfate (KPS; 99%), tetraethyl orthosilicate (TEOS; 98%),
ethanol (96%), and ammonium hydroxide (NH4OH; 28−30%
NH3 basis) were purchased from Sigma-Aldrich and used
without further purification.
2.2. Synthesis of Polystyrene (PS) Nanospheres.

Monodisperse PS nanospheres were first prepared and served
thereafter as templates for the growth of silica coatings. For a
typical synthesis, 1.5 g of PVP was dissolved in 100 mL of
distilled water under ultrasonic irradiation, and to this solution
was added 10 g of a styrene solution. The obtained styrene/
PVP solution was then heated to 70 °C under constant stirring
at 500 rpm. Afterward, 10 mL of a KPS solution (0.15 g of KPS
in 10 mL of water) was added dropwise into the PVP/styrene
solution to initiate the polymerization reaction. The polymer-
ization reaction was kept at 70 °C for 24 h. After the reaction,
the obtained PS nanosphere suspension was cooled naturally to
room temperature for further use.
2.3. Coating of the PS Nanospheres with Silica. For a

typical synthesis, 6 g of an as-prepared PS suspension and 4 mL
of a NH4OH solution were added into 120 mL of ethanol
under constant stirring at 500 rpm. Then, 10 mL of a TEOS/
ethanol solution (50 vol % TEOS in ethanol) was slowly added.
The reaction system was stirred for 10−24 h to prepare core−
shell-type PS@SiO2 nanospheres. After the reaction, the solid

product was separated from the mother solution by
centrifugation. The obtained sediment was washed with ethanol
two times and finally dried at room temperature. HSNSs were
readily obtained by annealing the PS@SiO2 nanospheres at 500
°C in air for 3 h.

2.4. Characterization. Transmission electron microscopy
(TEM; JEM-2010) was employed to characterize the
morphology and microstructure of the as-synthesized products.
Thermal conductivity of the obtained materials was analyzed by
using a Hotdisk Thermal Constants Analyzer (TPS 2500S). A
disk-type Kapton Sensor 5464 with a radius of 3.189 mm was
used. The sensor, which acts as both a heat source and a
temperature recorder, was sandwiched in two parts of the
powdered samples. The temperature increase of the samples as
a function of time was recorded to compute the thermal
conductivity (uncertainty: ∼5%). The final thermal conductiv-
ity value reported here was the arithmetic mean of four
individual measurements under different conditions (heating
power, 0.02−0.200 W; measurement time, 1−160 s).

3. LCA OF HSNS
3.1. Methodology. A “cradle-to-factory gate” LCA

approach was considered by following a published procedure30

with modifications. Primary data were collected from the
synthesis of HSNSs, as mentioned above. Secondary data were
used to account for the energy use from the extraction of raw
materials as well as the grid intensity of electricity. Figure 1

outlines the system boundary for this LCA study. Note that
some parameters were not considered because of the lack of
source data of relevant chemicals/processes. Therefore, it
should be treated with caution when applying for other
synthetic processes or materials.

3.2. Data Collection. The material and energy con-
sumption data during the synthesis are summarized in Tables
1 and 2, respectively. About 1.05 g of HSNSs was obtained as
the final product at these experimental conditions.

4. RESULTS AND DISCUSSION
Synthesis and Structural Features of HSNSs. A hollow

or porous structure that takes the advantages of air cavities with
low thermal conductivity [about 0.026 W/(m K) at ambient
condition]41 is important to obtain thermal insulation materials.
For superinsulating materials or NIMs with thermal con-
ductivities lower than air at standard temperature and pressure

Figure 1. System boundary for LCA of HSNSs from the PS
nanosphere templating method. There are three main steps (1−3) in
the material preparation.
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(STP) condition, nanoporous materials are usually considered,
which take the advantage of size-dependent thermal conduction
presented typically at the nanometer scale.42,43 The method-
ology of achieving NIMs by using hollow nanospheres is
depicted in Figure 2. The overall property of the hollow

nanosphere NIMs depends on several parameters, such as the
diameter and shell thickness of the hollow spheres, the chemical
composition of the shell materials, the type of filled gas, and the
packing manner or density of these hollow spheres.23

Therefore, through modification of these structural or
compositional parameters, the thermal performance of the

hollow nanosphere NIMs can be readily controlled over a large
range.
Silica represents probably one of the best candidate materials

for achieving hollow nanosphere NIMs because of the fact that
silica is abundant in nature and also environmentally friendly.
HSNSs have so far been extensively studied because of their
well-defined structural features, novel physical and chemical
properties, and important applications in various sectors.44−46

As shown in Figure 2, the presence of a large fraction of air
cavities within the nanometer range can greatly suppress
thermal conduction through the HSNSs, making them an ideal
system for achieving superinsulating materials or NIMs.23

HSNSs can be prepared via many different methods, such as
a template-assisted method47 or a dissolution−recrystallization
growth process.48−50 Among these, the template-assisted
approach represents probably the most straightforward method
and has many distinctive advantages.51 As shown schematically
in Figure 3, the template, which provides the nucleation sites

for the subsequent growth of silica, can, in principle, be any
materials with a desirable morphology, such as gaseous
bubbles,24 liquid droplets,52,45 or solid particles.23,25,53−57 In
this work, PS nanospheres were selected as a template material
for the growth of HSNSs because of the fact that monodisperse
PS nanospheres can be readily prepared with controlled
diameters and surface properties;53−57 in addition, as a
sacrificed template, PS nanospheres can be conveniently
removed by heating or dissolution.55−57

Figure 4 shows the TEM images of the as-prepared PS
nanospheres in this work. Under the present experimental

conditions, the as-synthesized monodisperse PS nanospheres
have a mean diameter of about 150 nm. It is worth pointing out
that the size of the PS nanospheres can be controlled by
changing, e.g., the amount of PVP used in the synthesis.54 Large
PS nanospheres with diameters of about 900 nm can be
obtained when the PVP/styrene weight ratio is about 0.005,
whereas increasing the PVP/styrene ratio to about 0.05 results
in PS nanospheres with smaller diameters of about 280 nm. In

Table 1. Material Consumption for the Synthesis of HSNSs

raw materials volume (mL) mass (g) material supplier

Step1: Synthesis of PS Nanospheres
H2O 110 110 in-house
styrene 10 Sigma-Aldrich
PVP 1.5 Sigma-Aldrich
KPS 0.1 Sigma-Aldrich

Step 2: Coating of PS Nanospheres with Silica
ethanol 206a 162 Sigma-Aldrich
PSb 6 from above
NH4OH 4 Sigma-Aldrich
TEOS 5 Sigma-Aldrich

aIncluding also the ethanol used for washing the particles. bPS
nanosphere suspension.

Table 2. Electricity Consumption for the Synthesis of
HSNSsa

equipment
running
time (h)

total energy
(kWh)

equipment
supplier

Step 1: Synthesis of PS Nanospheres
IKA hot-plate magnetic stirrer
(heating on)

20 0.95 Sigma-
Aldrich

Step 2: Coating of PS Nanospheres with Silica
IKA hot-plate magnetic stirrer
(heating off)

5 0.03 Sigma-
Aldrich

Allegra X-22 centrifuge 1 0.15 Backman
Step 3: Removal of the PS Nanosphere Template

Carbolite furnace 3 0.58 Sigma
Aldrich

aThe electricity consumption is recorded with an energy and power
meter.

Figure 2. Schematic drawing of the hollow nanosphere NIMs. D and L
represent the pore diameter and shell thickness of the hollow
nanospheres.

Figure 3. Schematic drawing of the template-assisted approach for
HSNSs.

Figure 4. TEM images of the as-synthesized PS nanospheres with a
mean diameter of about 150 nm.
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this work, the 150-nm PS nanospheres were prepared with a
PVP/styrene ratio of 0.15. Thanks to their relatively small sizes
and corresponding large surface-to-volume ratio, the surface of
PS nanospheres is very active, thus providing an ideal
nucleation site for the subsequent growth of silica.
Hydrolysis of TEOS in a basic environment results in the

formation of silica nanoparticles, of which the particle size
depends on several experimental parameters such as the water/
ethanol ratio, the concentrations of NH4OH and TEOS, and
also the reaction temperature.58 With the presence of
presynthesized PS nanospheres, silica molecules produced
from the hydrolysis of TEOS will be captured by and deposit
at the surface of the PS nanospheres. It is obvious that a
positively charged surface of PS nanospheres may help to catch
the primary silica particles that are known to be negatively
charged.53−57

Figure 5 shows TEM images of the as-synthesized HSNSs in
this work. The hollow spheres exhibit typical shell thicknesses

of 10−15 nm and pore diameters of about 150 nm. Hence, the
inner diameter of the as-prepared HSNSs agrees well with that
of the PS nanosphere templates (see Figure 4), indicating the
advantage of this template-assisted approach for the synthesis
of monodisperse hollow nanostructures. Note that the shell of
HSNSs consists of silica nanoparticles with typical sizes of
about 5−10 nm, indicating that the primary silica particles
produced from hydrolysis of TEOS aggregate together and
form secondary particles before they deposit on the surface of
the PS templates. This is because the surface of the PS
nanospheres used here is negatively charged, which repulses the
silica nanoparticles with the same negative surface charges.54

By using PS nanosphere templates with different sizes and by
controlling the hydrolysis reaction of TEOS, HSNSs with
different structural features can be prepared, as shown in Figure
6a. Moreover, by modifying the surface of the PS nanospheres,
e.g., using PS nanospheres with positively charged surfa-
ces,55−57 HSNSs with rather smooth surfaces can also be
obtained (Figure 6b). However, it is worth pointing out that,
for achieving NIMs with low thermal conductivities, a rough
surface of the as-prepared HSNSs (i.e., Figure 5) represents
actually a desirable feature because it can increase the phonon
scattering and thereby suppress further the solid thermal
conduction.42,43,59 Moreover, a small pore size (e.g., inner
diameter <200 nm) is also preferred in order to achieve
suppressed gaseous thermal conduction. A more detailed
discussion can be found in the following section.
Thermal Properties of HSNSs. The thermal properties of

the as-synthesized HSNSs were characterized by using a
transient plane source technique.60 Figure 7 reports the

transient graph of HSNSs, where the time-dependent temper-
ature increase ΔT(τ) is given by60

τ
π αλ

τΔ =T
P

D( ) ( )o
3/2 (1)

where Po is the total output of power from the sensor, α is the
overall radius of the disk spiral (α = 3.189 mm in this work), λ
is the thermal conductivity of the HSNS sample, and D(τ) is a
dimensionless time-dependent function with

τ
θ

= t
(2)

where t is the time measured from the start of the transient
recording and θ is the characteristic time defined as

θ α
κ

=
2

(3)

where κ is the thermal diffusivity of the HSNS sample. When a
computational plot is made of the recorded temperature
increase ΔT(τ) versus D(τ), a straight line can be obtained,
with the slope being Po/π

3/2αλ (inset of Figure 7). By knowing
the heating power Po and the radius of the disk spiral α, the
thermal conductivity λ can be calculated. In this work, the as-
prepared HSNSs (i.e., Figure 5) have an effective thermal

Figure 5. TEM images of the as-synthesized HSNSs.

Figure 6. TEM images of two additional HSNS samples with different
diameters and shell structures. The samples were prepared by using
different PS nanosphere templates and under slightly different
experimental conditions. (a) HSNSs with a mean diameter of about
200 nm and a shell thickness of about 25 nm. (b) HSNSs with a
smooth surface compared to the HSNS samples shown in panel a.
Insets in panels a and b are the high-magnification TEM pictures,
showing details of the shell structure.

Figure 7. Transient graph of the as-prepared HSNSs. The inset shows
a computational plot of the temperature increase ΔT(τ) versus D(τ).
The definition of the terms is given in the text.
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conductivity of 0.020 ± 0.002 W/(m K), similar to that of the
silica aerogel granules.11

The low thermal conductivity of HSNSs, ∼0.02 W/(m K),
compared to the bulk value of 1.4 W/(m K) for silica,41 can be
interpreted by the size-dependent thermal conduction appear-
ing typically at the nanometer scale.42,43 For example, the size-
dependent gaseous thermal conductivity (λg) can be under-
stood by the Knudsen effect, which considers gaseous thermal
transport in a space with small dimensions:22

λ
λ

β
=

+ Kn1 2g
g,0

(4)

where λg,0 is the thermal conductivity of gas at STP, β is a
constant depending on the type of gas (for air, β ≈ 1.5−2), Kn
= l/d is the Knudsen number, with l being the gas molecule
mean-free path (for air, l ≈ 68 nm at ambient condition)41 and
d being the dimension where the gaseous transport takes place,
e.g., the inner pore diameters of HSNSs (Figure 2). It is evident
that, for pores with diameters of a few nanometers, the
Knudsen number becomes very large, resulting eventually in λg
→ 0. In this work, the as-prepared HSNSs have a pore diameter
of about 150 nm, which brings about a theoretical gaseous
thermal conductivity of about 0.010 W/(m K) according to eq
4.
Other contributions from, e.g., solid thermal conduction and

thermal radiation,23 shall also be taken into account to
understand the measured thermal conductivity of HSNSs,
0.02 W/(m K). For solid materials, there exists a prominent
size-dependent thermal conductivity when their characteristic
dimensions are not significantly greater than the mean free path
of phonons or electrons, i.e., typically at the nanometer
scale.42,43 Liang and Li have proposed a phenomenological
theory for the size-dependent thermal conductivity of nanoscale
semiconductor systems.59 Accordingly, the thermal conductiv-
ity of solid nanospheres λN can be expressed as59

λ
λ

α= − −
−

⎛
⎝⎜

⎞
⎠⎟
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥p

l
D D D

exp exp
1
/ 1

N

B

0

0

3/2

(5)

where λB is the thermal conductivity of the bulk material, l0 is
the phonon mean free path at room temperature, D is the
diameter of the nanospheres (in this work, it corresponds to the
shell thickness of the HSNS, L; Figure 2), D0 and α are
material-dependent constants, and p is a factor reflecting the
surface roughness, 0 ≤ p ≤ 1, where p → 1 corresponds to a
smooth surface with a greater probability of specular phonon
scattering and p → 0 corresponds to a rough surface with a
greater probability of diffusive phonon scattering.61,62 It is
therefore reasonable that the HSNSs with rough surfaces (i.e.,
Figures 5 or 6a) or small p values will, in general, have lower
solid thermal conductivities. This explains the relatively low
thermal conductivity [∼0.024 W/(m K)] of the HSNS sample
shown in Figure 6a compared to that of the HSNS sample
shown in Figure 6b [∼0.028 W/(m K)], within the
experimental error range. Moreover, according to eq 5, one
can conclude that a thin shell thickness (i.e., a small value of L;
see Figure 2) of HSNSs will result in a lower solid thermal
conductivity than that with a thick shell thickness or large L
value. Although the detailed calculation for HSNSs based on eq
5 is difficult at this stage because of the lack of material-
dependent parameters, the contribution from the solid thermal
conductivity is, in general, small25 because of the existence of a

“neck area” (contact area) with typical sizes of a few
nanometers between adjacent spheres.63

It is also important to point out that the as-prepared HSNSs
in this work are hydrophilic, which is different from the silica
aerogel granules, which are usually hydrophobic.11 The
hydrophilic nature, small size, and large surface area of
HSNSs may result in a certain amount of water absorption,
which contributes also to the measured thermal conductivity of
HSNSs because of the relatively high thermal conductivity of
water [λ ≈ 0.6 W/(m K)].41 However, it is difficult to measure/
calculate the contribution from water absorption. By
modification of the surface of the as-prepared HSNSs, it is
possible to obtain the hydrophobic counterparts with different
or probably better thermal performance than the hydrophilic
ones. New syntheses along this direction are underway.

LCA and Data Interpretation of HSNSs. Table 3 reports
the production impact associated with making 1 g HSNSs. The

calculated production energy (or embodied energy) for the as-
prepared HSNSs is about 2.65 MJ/g, which seems very high
even compared to that of the energy-intensive thermal
insulation materials, PS, about 0.105 MJ/g.64 However, it is
understandable because this work is a laboratory test and is also
in a small scale. For example, a previous study on silica aerogels
also resulted in quite high values for the embodied energy, i.e.,
about 7.3 MJ/g, for silica aerogels obtained from a high-
temperature supercritical drying process.30

It must be pointed out that the uncertainty of the obtained
value, 2.65 MJ/g for HSNSs in this work, is probably large
because some parameters that affect the calculation are not
considered, such as the energy factor of TEOS (see also Figure
1). Therefore, the LCA method and the conclusions reported
here should be treated with caution when applied for other
synthetic approaches or materials. A data interpretation of this
LCA study (Table 3) is given below to understand the process
economics and environmental footprints of HSNSs.
Upscaling the synthesis will reduce the embodied energy of

HSNSs. A parallel study indicates that the present experimental
condition (Tables 1 and 2) can be readily adapted (e.g., by
increasing the PS dosage) to the synthesis of ∼2 g HSNSs, and
a reduced embodied energy value of about 1.4 MJ/g has been
obtained. Obviously, a large-scale synthesis, where the raw
materials and electricity can be used more efficiently, is
important to reduce the embodied energy of HSNSs.
Recycling of chemicals such as ethanol is important to reduce

the embodied energy of HSNSs. In this work, the use of

Table 3. Production Impact Associated with Making 1 g
HSNSs

embodied energy
(MJ/kg)

amount
(g)

production
energy (MJ/g)

materials PS 10564 0.5a 0.053
ethanol 15.765 162 2.54
NH4OH 43.1566 1.05b 0.045
TEOS 4.76c

electricity 10.5 MJ/kWh66 0.81
kWha,d

0.009

total 2.65
aAssuming that 10 g of styrene converts totally into PS; only part of
the PS suspension is used for the one synthesis of HSNSs. bThe
weight of NH3.

cThe value correlates also with the purity of TEOS,
98%. dPart of the electricity from step 1 adds to those consumed in
steps 2 and 3 (see Table 2).
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ethanol represents the most energy-intensive step in the whole
process (Table 3). This is due to the relatively large quantity of
ethanol needed for a controlled hydrolysis of TEOS. Recycling
of ethanol will change dramatically the energy feature of
HSNSs. For example, an 80% recycling of ethanol during the
production may reduce the embodied energy of HSNSs from
2.65 to ∼0.62 MJ/g. Recycling of other chemicals, especially
the energy-intensive PS,64 is also important.
The use of environmentally f riendly templating materials during

the synthesis should be considered. In this work, as a sacrificed
template, PS nanospheres need to be removed to obtain the
final product. However, PS has a high embodied energy, about
105 MJ/kg.64 Note that all of the embodied energy of PS
nanospheres will be transferred to HSNSs if the PS nanosphere
templates are burnt away (Figure 3 and Table 2), which will
make HSNS a material with high embodied energy. Dissolving
PS nanospheres by a certain chemical solvent57 seems necessary
from the viewpoint of recycling, though the recycling potential
of the dissolved PS and the chemical solvent remains uncertain.
An alternative in this regard might be the use of other
templating materials with less environmental footprints and/or
ease to recycle, such as CaCO3 nanoparticles.67,68 Moreover,
Yue et al. reported previously the use of SiF4 gas to produce
HSNSs,24 which may represent another possibility. However,
some toxic/corrosive raw materials and byproducts involved in
this synthetic method24 must also be taken into account.
The use of other silica sources such as sodium silicate (i.e.,

water glass) with less environmental impact than that of TEOS
is worth pursuing.15 To the best of our knowledge, there are no
data available at this stage for the embodied energy or emission
factor of TEOS,30 which explains the exclusion of TEOS from
the LCA approach (Table 3) in this work. However, TEOS is
likely an energy-intensive material because the production may
involve some energy-intensive raw materials such as SiCl4

+ → +SiCl 4CH CH OH Si(OCH CH ) 4HCl4 3 2 2 3 4 (6)

compared to that of sodium silicate

+ → +SiO 2NaOH Na SiO H O2 2 3 2 (7)

Note that hydrolysis of TEOS produces solid silica shells of
HSNSs (Figures 2 and 3); therefore, the embodied energy of
TEOS will be inherited by HSNSs, indicating that HSNSs with
thinner shells, which consume less TEOS, would have lower
energy features than those having thicker silica shells.
According to eq 5, HSNSs with thinner shells also have
lower solid thermal conductivities than those with thicker
shells,23 indicating that improving the thermal performance and
lowering the energy feature of HSNSs may be achieved at the
same time by controlling the structural parameters of HSNSs.
This represents an advantage for achieving superinsulating
materials by using hollow nanospheres (Figure 2).
On the basis of the above-mentioned considerations, new

synthetic methods that enable HSNSs with low thermal
conductivities and low embodied energies can be developed.
A CaCO3 nanoparticle templating approach,67,68 where sodium
silicate is used as the silica source material, is under discussion
for the preparation of HSNS NIMs.

5. CONCLUSIONS
HSNSs with a typical inner pore diameter of about 150 nm and
a shell thickness of 10−15 nm have been prepared by using a
PS nanosphere template-assisted approach. The structural
features of HSNSs can be controlled by using the PS

nanosphere templates with different properties. HSNSs exhibit
a reduced thermal conductivity of about 0.02 W/(m K) because
of the predominant size-dependent thermal conduction
appearing at the nanometer scale. The energy and raw material
consumption related to the synthesis of HSNSs has been
analyzed by a LCA approach. It is found that HSNSs exhibit a
relative high embodied energy, although comparable to that of
silica aerogels. Moreover, the LCA results indicate clearly that
the recycling of chemicals, up-scaling production, and use of
environmentally friendly materials can affect greatly the process
environmental footprints of HSNSs. New synthetic approaches
can thus be developed to optimize their energy features. More
importantly, the methodology reported here can be extended to
other nanomaterials, where the concern on their energy and/or
environmental impact is of high priority.
In conclusion, HSNS NIMs are comparable to silica aerogels

for thermal insulation applications, while exhibiting great
flexibility in modifying their properties by tuning the
corresponding structural parameters. Further studies dedicated
to HSNS NIMs with low thermal conductivities and low
embodied energies are therefore interesting and worth
pursuing.
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