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ABSTRACT 
The path toward energy-efficient buildings with a low or zero carbon footprint, e.g. zero energy and 
zero emission buildings, involves the development of high-performance thermal insulation, aiming at 
reaching thermal conductivities far below 20 mW/(mK). Applying such superinsulation will allow the 
construction of relatively thin building envelopes yet maintaining a high thermal resistance, thus also 
increasing the architectural design possibilities. A vacuum insulation panel (VIP) represents a state-
of-the-art thermal insulation solution with a thermal conductivity of typical 4 mW/(mK) in the pristine 
and non-aged condition. However, the VIPs have issues with fragility, perforation vulnerability, 
increasing thermal conductivity during time and lack of building site adaption by cutting as four 
cardinal weaknesses, in addition to heat bridge effects and relatively high costs. Therefore, the VIPs 
of today do not represent a robust solution. Hence, our aim is from theoretical principles, utilizing the 
Knudsen effect for reduced thermal gas conductance in nanopores, to develop experimentally a 
high-performance nano insulation material (NIM). This work presents the current status of the 
development of NIM as hollow silica nanospheres (HSNS) in our laboratories, from the experimental 
synthesis to the material characterization by e.g. thermal conductivity measurements. One 
attempted approach for tailor-making HSNS is the sacrificial template method and optimization of 
the sphere diameter and shell thickness with respect to low thermal conductivity. The results so far 
indicate that HSNS represent a promising candidate for achieving the high-performance thermal 
superinsulation for application in the buildings of tomorrow. 
 
Keywords: Silica, Nanosphere, HSNS, Superinsulation, Thermal conductivity, Building. 
 
INTRODUCTION 
Energy-efficient buildings will increase in demand in the years to come. High performance thermal 
building insulation materials and solutions will play an important role in this regard, where one 
possible and promising way to tailor-make superinsulation is to exploit the Knudsen effect by 
decreasing the gas thermal conductivity by decreasing the pore diameter in a material below the 
mean free path of the gas molecules, i.e. in the nanometer range. The objective of the work reported 
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herein is to summarize and explore the experimental pathway for achieving superinsulation through 
nano insulation materials (NIM) (Baetens et al. 2010; Jelle et al. 2009; Jelle et al. 2010; Jelle 2011; 
Jelle et al. 2012) as hollow silica nanospheres (HSNS) being manufactured by utilizing selected 
sacrificial template methods (Gao et al. 2012; Gao et al. 2013; Gao et al. 2014b; Grandcolas et al. 
2013; Jelle et al. 2011; Jelle et al. 2013; Sandberg et al. 2013; Schlanbusch et al. 2014ab). 
 
THE CONCEPT OF DECREASED THERMAL CONDUCTIVITY 
A very low thermal conductivity is targeted in the development of thermal superinsulation, hence all 
the contributions to the conductivity have to be minimized. The total overall thermal conductivity λtot, 
i.e. the thickness of a material divided by its thermal resistance, is in principle made up from the 
following parts: 
 

 λtot = λsolid + λgas + λrad + λconv + λcoupling + λleak (1) 
 

where λtot is the total overall thermal conductivity, λsolid is the solid state thermal conductivity, λgas is 
the gas thermal conductivity, λrad is the radiation thermal conductivity, λconv is the convection thermal 
conductivity, λcoupling is the thermal conductivity term accounting for second order effects between the 
various thermal conductivities in Equation 1, and λleak is the leakage thermal conductivity. The 
leakage thermal conductivity λleak, representing an air and moisture leakage driven by a pressure 
difference, is normally not considered as insulation materials and solutions are supposed to be 
without any holes enabling such a thermal leakage transport. The coupling term λcoupling may be 
included to account for second order effects between the various thermal conductivities in 
Equation 1, however, this coupling effect can be quite complex and will be neglected in the 
following. Besides, theoretical approaches to thermal performance of vacuum insulation panels 
(VIP) usually assume this coupling effect to be negligible (Heinemann 2008). Note that in general 
another coupling term may also be included in Equation 1, i.e. the interaction between the gas 
molecules and the solid state pore walls. However, as we will see in the following this last coupling 
term is included through a factor in the expression for the gas conductivity as given in Equation 2 for 
the Knudsen effect. For further information on thermal conductivity aspects it is referred to the 
studies by Jelle et al. (2010) and Jelle (2011). 
 
A possible solution towards thermal superinsulation is the development of nano insulation materials 
(NIM). In a nano insulation material (NIM) the pore size within the material is decreased below a 
certain level, i.e. 40 nm or below for air, in order to achieve an overall thermal conductivity of less 
than 4 mW/(mK) in the pristine (non-aged) condition. That is, a NIM is defined as basically a 
homogeneous material with a closed or open small nano pore structure with an overall thermal 
conductivity of less than 4 mW/(mK) in the pristine condition (Jelle et al. 2010). The low thermal 
conductivity in a NIM, without applying a vacuum in the pores, is achieved by utilizing the so-called 
Knudsen effect. The gas thermal conductivity λgas taking into account the Knudsen effect may be 
written in a simplified way as (Baetens et al. 2010; Jelle et al. 2010; Jelle 2011): 

  (2) 

where 

  (3) 

where λgas is the gas thermal conductivity in the pores (W/(mK)), λgas,0 is the gas thermal conductivity 
in the pores at standard temperature and pressure (STP) (W/(mK)), β is a coefficient characterizing 
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the molecule-wall collision energy transfer (in)efficiency (between 1.5 - 2.0), kB is Boltzmann’s 
constant ≈ 1.38·10-23 J/K, T is the temperature (K), d is the gas molecule collision diameter (m), p is 
the gas pressure in pores (Pa), δ is the characteristic pore diameter (m), and σmean is the mean free 
path of gas molecules (m). 
 
If the pore size within a material is decreased below a certain level, i.e. a pore diameter of the order 
of 40 nm or below for air, the gas thermal conductivity, and thereby also the overall thermal 
conductivity, becomes very low (< 4 mW/(mK) with an adequate low-conductivity grid structure) even 
with air-filled pores. This is explained by the Knudsen effect where the mean free path of the gas 
molecules is larger than the pore diameter. That is, a gas molecule located inside a pore will hit the 
pore wall and not another gas molecule, and where the solid state and gas interaction is taken care 
of by the β coefficient. Thus, the resulting gas thermal conductivity λgas, also including the gas and 
pore wall interaction, versus pore diameter and pore gas pressure, may be calculated in this 
simplified model and depicted as in Figure 1. Further details on NIM and the Knudsen effect, also 
including thermal radiation aspects, are given in the work by Jelle et al. (2010). 
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Figure 1: Gas thermal conductivity with (left) 2D-plot depicting the effect of pore diameter for air, 
argon, krypton and xenon and (right) 3D-plot depicting the effect of pore diameter and gas pressure 
in pores containing air (Jelle et al. 2010). 
 
EXPERIMENTAL PATHWAYS 
Our first experimental attempts for making nano insulation materials were carried out along three 
pathways, that is membrane foaming, gas release and templating. The principle of membrane 
foaming is to produce foams with nanoscale bubbles, followed by condensation and hydrolysis 
within the bubble walls to obtain a silica nanofoam, where a gas is pressed through a membrane to 
obtain bubbles with controlled size. As no surfactant was found that could stabilize nanofoams long 
enough, this experimental pathway has so far been abandoned. The gas release method requires 
simultaneous formation of nanosized gas bubbles throughout the reaction system, followed by 
hydrolysis and condensation to form a solid at the bubble perimeter, where the bubble formation 
could be achieved by either evaporation or decomposition of a component in the system. This 
method is similar to a process described by Grader et al. (1998), where crystals were heated to 
produce foams with closed cell structures. Due to various experimental difficulties the gas release 
approach has at the moment been terminated. Utilizing the templating process, a nanoscale 
structure in the form of a nanoemulsion or polymer gel is prepared, followed by hydrolysis and 
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condensation to form a solid. Our starting point was based on the work by Du et al. (2010), who 
used the method to prepare antireflection coatings, and the work by Wan and Yu (2008). For further 
details it is referred to our initial experimental studies (Jelle et al. 2011). In the following, results from 
utilizing the template method forming hollow silica nanospheres (HSNS) will be presented. 
 
HOLLOW SILICA NANOSPHERES 
Miscellaneous detailed experimental information and procedures concerning the various fabrications 
of hollow silica nanospheres (HSNS) are found in our earlier studies (Gao et al. 2012; Gao et al. 
2013; Gao et al. 2014b; Grandcolas et al. 2013; Jelle et al. 2011; Jelle et al. 2013; Sandberg et al. 
2013). Basically, the HSNS manufacturing applies the template method as described earlier, with 
either polyacrylic acid (PAA) or polystyrene (PS) as sacrificial templates, where PAA and PS have 
been removed by a washing and a heating process, respectively (the template materials diffuse and 
evaporate through the silica shell). The principle of the sacrificial template method for HSNS 
fabrication is illustrated in Figure 2. 
 

template sphere SiO2 coated sphere hollow SiO2 sphere

growth of SiO2 remove template

template sphere SiO2 coated sphere hollow SiO2 sphere

growth of SiO2 remove template

 
 

Figure 2. Illustration of the sacrificial template method for manufacturing of HSNS. Compare with 
actual experimental HSNS fabrication in Figure 4. 
 
Nano insulation materials (NIM) have been attempted manufactured in the laboratory as various 
hollow silica nanospheres (HSNS). A principle drawing of a NIM alongside a transmission electron 
microscope (TEM) image of actual manufactured HSNS are given in Figure 3, thus depicting the 
close resemblance from theoretical concepts to experimental fabrication attempts. 
 

   
 

Figure 3. From theory to practice by experiments depicting a principle drawing of a NIM (left) 
alongside a TEM image of actual manufactured HSNS (right). 
 
Scanning electron microscope (SEM) images of fabricated spherical PS templates are shown in 
Figure 4 (left). The PS templates were thereafter coated with small silica particles, where an 
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example is depicted in Figure 4 (middle). By removal of the PS templates, HSNS are formed, 
depicted in Figure 4 (right). Furthermore, another SEM image example of HSNS with PS templates 
underneath is shown in Figure 5 (left), depicting a more coarse silica surface than the one given in 
Figure 4 (middle). Note that when attempting to make monodisperse PS nanospheres, the results 
are not always as planned or hoped for, although some rather intriguing patterns may be revealed in 
the SEM images, where an example is shown in Figure 5 (right). 
 

     
 

Figure 4. SEM image of (left) spherical PS templates, (middle) small silica particles coated around a 
spherical PS template, and (right) HSNS after removal of PS. Compare with illustration in Figure 2. 
 

   
 

Figure 5. (left) SEM image of small silica particles coated around spherical PS templates, i.e. HSNS 
before removal of PS (with a more coarse silica surface than the one given in Figure 4 (middle)). 
(right) When attempting to make monodisperse PS nanospheres, the results are not always as 
planned, although some rather intriguing patterns may be revealed in the SEM images. 
 
The thermal conductivity has been measured for various powder samples of HSNS, where the 
conductivity values are typically in the range 20 to 90 mW/(mK), though some uncertainties in the 
Hot Disk apparatus measurement method have to be further clarified (Grandcolas et al. 2013; Jelle 
et al. 2013). Regarding thermal conductivity measurements, the specific powder packing of the 
HSNS in the bulk condition is also an issue to be addressed. At the moment, the thermal 
conductivity is being attempted lowered by a parameter variation and optimization of the hollow silica 
sphere inner diameter and wall thickness. In addition, aspects like e.g. thermal radiation, 
mesoporosity, powder packing at bulk scale and nanosphere packing at nano scale should be 
addressed. In general, it is of major importance to investigate the durability of building materials and 
components, also newly developed ones, e.g. by carrying out accelerated climate ageing in the 
laboratory (Jelle 2012). Hence, performing a robustness assessment of these materials and 
components may also be found to be beneficial (Jelle et al. 2014). That is, a durability and 
robustness evaluation of the new superinsulation materials (when ready) should be carried out. 
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Life cycle analysis (LCA) of NIM as HSNS has been performed in the studies by Gao et al. (2013; 
2014b) and Schlanbusch et al. (2014ab). Initial experiments attempting to improve the thermal 
resistance of concrete by incorporation of aerogel have also been performed (Gao et al. 2014a), and 
is still ongoing, where naturally any new development of NIM, HSNS and related materials will be 
interesting for further work. For additional information on the fabrication of monodisperse PS 
nanospheres it is referred to the work by Du and He (2008). More information on hollow silica 
nanospheres may be found in the studies by e.g. Liao et al. (2011), Wang et al. (2010), Han et al. 
(2011) and Yuan et al. (2010). 
 
FORTHCOMING WORK 
Our NIM research has currently a main focus on various attempts to tailor-make HSNS by 
manufacturing and applying different sacrificial templates, synthesis procedures, parameter 
variations, and inner diameters and shell thicknesses of the nanospheres. A crucial issue will be 
how to assemble the HSNS together into a practical, robust and sustainable bulk material. It is 
emphasized that the future NIM may not necessarily be based on HSNS, nevertheless the 
investigations on the HSNS represent a possible stepping-stone towards the ultimate goal of 
achieving thermal superinsulation materials. 
 
It should be noted that although we for the time being are not pursuing fabricating NIM according to 
the membrane foaming and gas release methods, these methods should definitely not be forgotten 
as they may still represent a possible way of achieving NIM and thermal superinsulation materials. 
Finally, it should be emphasized that also methods and materials not included within this summary, 
even hitherto unknown methods and materials, may hold the solution for the thermal superinsulation 
materials of tomorrow. 
 
CONCLUSIONS 
Hollow silica nanospheres (HSNS) have been manufactured by a sacrificial template method. The 
experimental synthesis of the HSNS represent a possible stepping-stone and a promising candidate 
for the development of the future thermal superinsulation materials. Further studies are needed 
though, and along the path of these, they may also reveal hitherto unknown methods and materials 
for reaching the goal of a robust and sustainable superinsulation material. 
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Thermal Background 
- Thermal Conductivity Contributions 


λtot = λsolid + λgas + λrad + λconv + λcoupling + λleak 


 λtot = total overall thermal conductivity 
 λsolid = solid state thermal conductivity 
 λgas = gas thermal conductivity 
 λrad = radiation thermal conductivity 
 λconv = convection thermal conductivity 
 λcoupling = thermal conductivity term accounting for second order 
                               effects between the various thermal conductivities 
 λleak = leakage thermal conductivity 
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Traditional Thermal Insulation of Today 


 Mineral Wool 
- Glass wool (fibre glass) 
- Rock wool 


 - 30-40 mW/(mK) 


 Expanded Polystyrene (EPS) 
 - 30-40 mW/(mK) 


 Extruded Polystyrene (XPS) 
 - 30-40 mW/(mK) 


 Cellulose 
- 40-50 mW/(mK) 


 Cork 
 - 40-50 mW/(mK) 


 Polyurethane (PUR) 
 - Toxic gases (e.g. HCN) released during fire 
 - 20-30 mW/(mK) 


- What is Out There? 
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State-of-the-Art Thermal Insulation of Today 


 Vacuum Insulation Panels (VIP) 
”An evacuated foil-encapsulated open porous material 
as a high performance thermal insulating material” 
- Core (silica, open porous, vacuum) 
- Foil (envelope)                          - 4 - 8 - 20 mW/(mK) 


 Gas-Filled Panels (GFP) - 40 mW/(mK) 


 Aerogels - 13 mW/(mK) 


 Phase Change Materials (PCM) 
- Solid State ↔ Liquid 
- Heat Storage and Release 


 Beyond State-of-the-Art High Performance 
Thermal Insulation Materials ? 


- What is Out There? 
VIP vs. XPS 


GFP 


Aerogel 
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Major Disadvantages of VIPs 
 Thermal bridges at panel edges 


 Expensive at the moment, but calculations 
show that VIPs may be cost-effective even 
today 


 Ageing effects - Air and moisture penetration 
–4 mW/(mK)   fresh 
–8 mW/(mK)   25 years 
–20 mW/(mK)   perforated 


 Vulnerable towards penetration, e.g nails 
–20 mW/(mK) 


 Can not be cut or adapted at building site 


 Possible improvements? 


- Vacuum Core 
- Air and Moisture Tight Envelope 


VIP


Moisture
Air
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Nano Technology 
Nanotechnology:


Technology for controlling matter of
dimensions between 0.1 nm - 100 nm.


0.1 nm - 100 nm


Nanotechnology:
Technology for controlling matter at


an atomic and molecular scale.


For comparison: Solar radiation: 300 nm - 3000 nm
Hydrogen: 0.16 nm
Carbon: 0.18 nm
Gold: 0.36 nm


Atomic diameters:


Molecular length: Stearic Acid: 2.48 nm
(C  H  COOH)17   35
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Nano Technology and Thermal Insulation 
Nano Particles Nano Pores


0.1 nm - 100 nm 0.1 nm - 100 nm
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Nano Insulation Material (NIM) 


NIM - A basically homogeneous material with a closed or open small nano pore structure 
with an overall thermal conductivity of less than 4 mW/(mK) in the pristine condition 


NIM


Open Pore
Structure


Closed Pore
Structure


VIP


Moisture
Air
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The Knudsen Effect – Nano Pores 
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 λgas = gas thermal conductivity in the pores (W/(mK)) 
 λgas,0 = gas thermal conductivity in the pores at STP 


(standard temperature and pressure) (W/(mK)) 
 β = coefficient characterizing the molecule - wall 


collision energy transfer efficiency (between 
1.5 - 2.0) 


 Kn = σmean/δ = kBT/(21/2πd2pδ) = the Knudsen number 
 kB = Boltzmann’s constant ≈ 1.38·10-23 J/K 
 T = temperature (K) 
 d = gas molecule collision diameter (m) 
 p = gas pressure in pores (Pa) 
 δ = characteristic pore diameter (m) 
 σmean = mean free path of gas molecules (m) 
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Gas Thermal Conductivity 
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Gas Thermal Conductivity 
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Nano Pores – Thermal Radiation 
 Knudsen effect ⇒ σmean > δ ⇒ low gas thermal conductivity λgas 
 What about the thermal radiation in the pores? 
 ”Classical” – from Stefan-Boltzmann’s law (Linear λrad vs. δ relationship): 


 Pore diameter δ small ⇒ low thermal radiation conductivity λrad 
 But what happens when ξir > δ ? (IR wavelength > pore diameter) 
 ξir > δ ⇒ high thermal radiation conductivity λrad ? 
 Tunneling of evanescent waves 
 Indications that the large thermal radiation is only centered 


around a specific wavelength (or a few) ⇒ 
 The total thermal radiation integrated over all wavelengths is not 


that large (?) 
 Currently looking into these matters… 
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


 λrad = radiation thermal conductivity in the pores (W/(mK)) 
 σ = π2kB


4/(60ħ3c2) = Stefan-Boltzmann’s constant ≈ 5.67·10-8 W/(m2K4) 
 kB = Boltzmann’s constant ≈ 1.38·10-23 J/K 
 ħ = h/(2π) ≈ 1.05·10-34 Js = reduced Planck’s constant (h = Planck’s constant) 
 c = velocity of light ≈ 3.00·108 m/s 
 δ = pore diameter (m) 
 ε = emissivity of inner pore walls (assumed all identical) 
 Ti = interior (indoor) temperature (K) 
 Te = exterior (outdoor) temperature (K) 
 ξir = infrared radiation wavelength (m) 
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Our First Experimental Attempts towards NIMs as 
Hollow Silica Nanospheres 


did follow 
Three Main Preparation Methods: 


  
1. Membrane Foaming: Use a membrane to prepare foam with nanoscale 


bubbles, followed by hydrolysis and condensation of a precursor within bubble 
walls to make a solid structure. 


 
2. Internal Gas Release: Controlled decomposition or evaporation of a 


component to form nanobubbles in a liquid system, followed by formation of a 
solid shell at the bubble perimeter. 


 
3. Templating: Formation of a nanoscale liquid or solid structure, followed by 


reactions to form a solid shell at the perimeter. Finally, the core is removed to 
make a hollow sphere. 
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Membrane Foaming 


Titania  
6 nm pores. 


Microconstructed  
Membrane. 


Sol 


Gas 


10 – 100 nm 


10µm 


Gas capsules by membrane  
emulsification. J. Yang et al. SINTEF. 


Silica sol stir foamed at 1000 (left) and 2500 (right) mPas 
T. Tomita et al. J. Porous Mater. 12 (2005) 123. 
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Membrane Foaming Attempts not Successful: 
 Reaction too slow; bubbles broke (with smoke). 
 No suitable surfactant systems found to stabilize alcohol-


based foams. 


Internal Gas Release Attempts Terminated: 
 Very demanding experimental conditions, work terminated. 


Future experiments may prove different, though. 
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Hollow silica 
nanospheres 


by making 
and applying 
equal-sized 
templates 


Hollow Silica Nanospheres (HSNS) 


template sphere SiO2 coated sphere hollow SiO2 sphere


growth of SiO2 remove template


template sphere SiO2 coated sphere hollow SiO2 sphere


growth of SiO2 remove template


Templating Process: 







SINTEF Building and Infrastructure 
17 


Hollow silica 
nanospheres 


by making 
and applying 
equal-sized 
templates 


SEM Photos 
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Hollow silica 
nanospheres 


by making 
and applying 
equal-sized 
templates 


SEM Photos 
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TEM Photos 


 Sacrificial templates used: 
 Polystyrene (PS) 
 Polyacrylic acid (PAA) 


HSNS by 
making and 


applying 
equal-sized 
templates 
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Hollow silica 
nanospheres 


by making 
and applying 
equal-sized 
templates 


Hollow Silica Nanospheres 


 Controlling: 
 Sphere inner diameter 
 Sphere wall thickness 


From Theory to Experiment 
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template sphere SiO2 coated sphere hollow SiO2 sphere


growth of SiO2 remove template


template sphere SiO2 coated sphere hollow SiO2 sphere


growth of SiO2 remove template
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SEM Photos 


Spherical PS templates 


Small silica particles coated 
around a spherical PS template 


HSNS after removal of PS 


PS = Polystyrene 
HSNS = Hollow Silica 


Nanospheres 


Hollow Silica Nanospheres 


From Theory to Experiment 
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A Polystyrene Volcano? 


HSNS and PS Template Making 


 Attempting to make 
monodisperse PS 
nanospheres: 


 Results not always 
as planned 


 Rather intriguing 
patterns may be 
revealed by SEM, 
though 
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State-of-the-Art 
Thermal Insulation Materials 


and Beyond 
 Many aspects to be considered 


Advantages 
Disadvantages 


 Theoretical and experimental investigations help to 
evaluate the insulation materials: 


Possibilities 
Limitations 
Applications aspects 


 Beyond the materials and solutions of today 
Theoretical and experimental work being performed 
For example nano insulation materials (NIM) 
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HSNS Conclusions and The Path Ahead 


 Various paths to make nano insulation materials (NIM) as hollow 
silica nanospheres (HSNS). 


 Future NIMs may not necessarily be based on HSNS. 
 Investigations on HSNS represent a possible stepping-stone 


towards achieving high performance thermal insulation materials. 
 Powder samples of HSNS have measured thermal conductivity 


values ∼ 20-90 mW/(mK), though some uncertainties in the Hot 
Disk apparatus measurement method have to be further clarified. 


 Further optimization. 
 Then to piece HSNS together to form a bulk material. 
 Other paths…? 
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