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1. Thermo-mechanical properties of SCD silica aerogels 

 
Table S1: Thermo-mechanical properties of SCD silica aerogels. 

2 hours aging 
CSiO2

a 
(g/cm3) 

ρbulk 
(g/cm3) 

λ 
(mW·m-1·K-1) 

E
mod

 

(MPa) 

σ
max

 

(MPa) 

  dL @ σ
max

 

(%) 
0.048 0.077 16.3 0.25 2.1 80.0 
0.057 0.092 15.2 - - - 
0.096 0.115 14.5 0.78 3.9 80.0 
0.124 0.194 16.4 3.55 1.6 40.2 
0.143 0.224 17.3 - - - 
0.162 0.246 18.7 - - - 
0.172 0.269 20.3 10.48 0.6 6.9 

24 hours aging 
CSiO2

a 
(g/cm3) 

ρbulk 
(g/cm3) 

λ 
(mW·m-1·K-1) 

E
mod

 

(MPa) 

σ
max

 

(MPa) 

  dL @ σ
max

 

(%) 
0.048 0.071 18.2 0.36 2.1 79.8 
0.057 0.089 16.7 - - - 
0.096 0.112 15.8 1.64 0.8 44.2 
0.124 0.184 17.8 7.71 0.8 13.9 
0.143 0.218 19.3 - - - 
0.172 0.261 23.3 17.35 0.6 10.2 

a Silica concentration in the sol. This does not account for trimethylsilyl 
groups grafted during hydrophobization. 
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2. Thermo-mechanical properties of APD silica aerogels 

 
Table S2: Thermo-mechanical properties of APD silica aerogels. 

 λ measurements k measurements 

Aging time 

(hours) 

ρbulk 

(g/cm3) 

ρpacking 

(g/cm3) 

λgranulate
a) 

(mW·m-1·K-1) 

λintrinsic
b) 

(mW·m-1·K-1) 

ρbulk 

(g/cm3) 

Stiffness (k) 

(N/m) 

2 0.289 0.291 19.3 ± 0.2 17.6 ± 1.0 0.309 738 ± 160 

4 0.234 0.236 17.6 ± 0.1 15.4 ± 1.0 0.255 486 ± 137 

6 0.219 0.214 17.5 ± 0.2 15.3 ± 1.0 0.211 178 ± 20 

8 0.186 0.145 17.2 ± 0.1 15.0 ± 1.0 0.181 140 ± 44 

16 0.122 0.095 18.3 ± 0.2 16.4 ± 1.0 0.123 73 ± 29 

24 0.114 0.089 17.6 ± 0.1 15.4 ± 1.0 0.118 71 ± 29 

All samples were prepared from a sol silica concentration of 0.057 g/cm3 
a thermal conductivity of APD silica aerogel (granulate-powder mix)1 was measured using a 
guarded hot plate[1].  
b intrinsic thermal conductivity of APD silica aerogel granulate was determined from the 
calibration curve as described by Huber et al.[2].  
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3. Pore size analysis of SCD silica aerogels 

 
Table S3: Different properties of SCD silica aerogels. 

2 hours aging 

ρbulk 
(g/cm3) 

Starting silica 
concentration 

(g/cm3) 
SBETa) 

(m2/g) 
Vpore, BJH 
(cm3/g) 

Vporeb) 
(cm3/g) 

Dpore, BJH 
(nm) 

Dporec) 
(nm) 

0.077 0.048 816 2.5 12.5 9.5 61.2 
0.115 0.076 851 2.5 8.2 9.9 38.5 
0.194 0.124 1015 3.5 4.7 10.5 18.3 
0.269 0.171 1020 2.8 3.2 8.7 12.6 

24 hours aging 

ρbulk 
(g/cm3) 

Starting silica 
concentration 

(g/cm3) 
SBETa) 

(m2/g) 
Vpore, BJH 
(cm3/g) 

Vporeb) 
(cm3/g) 

Dpore, BJH 
(nm) 

Dporec) 
(nm) 

0.071 0.048 860 3.0 13.6 11.4 63.2 
0.112 0.076 852 3.4 8.4 12.7 39.6 
0.184 0.124 913 3.9 4.9 14.1 21.6 
0.261 0.171 908 2.8 3.3 9.9 14.7 

a) SBET, around 50 m2/g; b) Vpore = (1/ρbulk - 1/ρskeletal), 10% relative; c) Dpore = (4Vpore/SBET), 10% 

relative. 
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Figure S1. Nitrogen sorption isotherms of SCD silica aerogels for different starting silica 

concentrations aged at (a) 2hrs. and (b) 24 hrs.  

 

 
Figure S2. (a) Influence of starting silica concentration on pore diameter and (b) thermal 

conductivity (λ) as a function of pore diameter of SCD silica aerogels aged at 2 hrs. and 24 hrs. 

respectively.  
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4. Modelling of influence of contact region on thermal conductivity 

State-of-the-art 

From the beginning of the development of aerogels, it was clear that, due to the small size of 

the pores leading to a reduction of the gas conductivity, their thermal conductivity was one of 

their most interesting properties[3]. Originally the work of Kaganer[4] was most frequently 

used to describe the effect of the reduced thermal gas conductivity within porous materials until 

Zeng et al. proposed a refinement of the theory[5, 6]. Since then further work followed looking 

into different model geometries to describe the solid conductivity[7], the influence of radiative 

heat transport[8], the coupling of solid and gas conductivity[9-11] and other effects[12]. 

However, none of the authors explicitly looked at the effect of gel ageing and an increased 

contact area between adjacent particles. Additionally the results of the different authors depend 

significantly on the model geometry used[7, 12], something that makes the choice of an adapted 

model difficult, due to the lack of knowledge of the exact 3D structure of aerogels. Therefore, 

we decided to use a very simple geometrical model, based on the works cited above, to do some 

numerical calculations to estimate the validity of the assumption that the low lambda measured 

for the high-density aerogels with very small ageing time, is due to the reduced contact area 

between the primary particles. 

Method 

Similarly to previous work[7, 9], we base our calculations on the local conductivity of a contact 

of two overlapping spheres within a surrounding gaseous media (Figure S3a). However 

contrary to previous work we would like to take into account the local pore size and hence the 

local thermal conductivity in the gas phase. For this extended model, an analytical solution can 

no longer be found. Hence, instead, we calculate the thermal conductivity of a representative 

periodic unit cell using a discretization. Both the pore and the solid pearl necklace structure was 

discretized into a network of local conductivities[13], with a voxel size of the discretization of 

0.05 nm. This voxel size has no physical meaning and was chosen voluntarily very small such 

that we get a good comparison with the analytical models and to make a sensitivity analysis for 

the voxel size unnecessary. The thermal conductivity of this contact unit cell was then 

calculated using a finite difference scheme and assuming constant temperature at the surfaces 

perpendicular to the direction of the temperature gradient and zero heat flux through the unit 

cell surfaces parallel to the heat flow. In this way any coupling effect between the solid and gas 
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conductivity is taken into account implicitly. The size of the primary particles, i.e. the diameter 

of the spheres in our model was estimated based on TEM observations to be 5 nm. 

The solid conductivity of the primary particles was assumed to be equal to that of bulk 

amorphous silica (1.35 W/(m.K)[7]). We are neglecting the reduction of the solid conductivity 

due to the small size of the primary particles (5 nm) with respect to the phonon mean free path 

in amorphous silica (~4 nm[14]), because no strong theoretical or empirical evidence is 

available to quantify the magnitude of this effect. Depending on whether to approximate the 

pearl string necklace by isolated spheres or by cylindrical wires, one can estimate that this will 

overestimate of the solid conductivity by a factor of 1.6-3.3[12].  

The conductivity of the gas phase is estimated locally for every voxel separately. As the gas 

conductivity is proportional to the mean free path, the gas conductivity is estimated by 𝜆𝜆𝑔𝑔 =

𝜆𝜆𝑔𝑔0 ∗ 〈𝛬𝛬(𝑟𝑟)〉/〈𝛬𝛬𝑔𝑔0〉, where λg0 is the free gas conductivity (0.0263529 W/(mK)[15]) and <Λg0> 

is the mean free path of the free gas. The local mean free path <Λ(r)> is estimated by integrating 

the mean free path Λ at position r over the solid angle Ω (equation S1):   

 (Eq. S1) 

The mean free path at position r in the direction phi, theta, can be estimated by equation S2, 

where  Λwall(r, φ,θ) is the distance of position r to the nearest wall in direction phi, theta and 

p(l) is the probability of a gas-gas collision at distance l. While the mean free path of gas-gas 

collisions is well known (68 nm for air at standard conditions[16]), p(l) is not. We assume here 

a log-normal distribution of the gas-gas collisions with a shape factor of 2.5. To calculate Λwall(r, 

φ,θ) we assume periodicity of the unit cell leading to a regular array of infinite, linear pearl 

necklace strings (Figure S3b). 

(Eq. S2) 

The assumed regular arrangement of the pearl necklace strings leads to an overestimation of 

the mean free path in the center of the pores. This is because in this structure the mean free path 

parallel to the strings will be equal to the mean free path of the free gas. In a realistic tortuous 

3D aerogel structure, on the other hand, this will not be the case and the mean free path is likely 

to be limited by gas-wall collisions in all directions. If we assume the difference in mean free 

paths caused by this effect to be similar to the difference in mean free path between parallel 
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plates, cylindrical and spherical pores with same dimension, we can estimate that the mean free 

path in the center of the pores is overestimated by a factor of ~1.5-2.6.  

Thus, both the gas conductivity in the center of the pores as well as the solid conductivity is 

overestimated by a similar factor, making the current model qualitative rather than quantitative 

and likely leading to an overestimation of the overall conductivity. However, the relative 

importance of the gas and solid conductivity should be in the correct range. Once reliable, 

realistic models for the 3D aerogel microstructure are available, both the gas and solid 

conductivity can be estimated with a better degree of accuracy making the model strategy 

employed quantitative. There are also two contributions which would increase the total thermal 

conductivity which we neglect here: The radiative heat transport which can be expected to be 

about 2.5 mW/(mK) and depends very little on the contact area between particles, as well as 

the cross linking of the pearl necklace strings amongst each other. The latter is likely to enhance 

not only the total conductivity but also the relative contribution of the solid conductivity and 

the importance of the contact area between particles. 

The solid conductivity of the particle contact unit cell was estimated in x, y and z direction 

(where x and z are equivalent). To estimate the macroscopic conductivity, we then assumed 

equal frequency of orientation of contacts in a parallel or serial arrangement, or a mixture of 

both (Figure S3c) 

 

 
Figure S3. a) Discretized primary particle contact unit cell used for the numerical calculations. 

b) Assumed periodicity for calculation of mean free path in the gas phase. c) Schematic view 
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of estimation of the macroscopic thermal conductivity based on the calculation of the thermal 

conductivity of the particle contact unit cell in different direction, where λpar assumes parallel 

resistances with the pearl necklace structure arranged in different directions; λser assumes serial 

resistances and finally λavg a parallel arrangement of λpar and λser. In our model, a change of 

structure and density influences both the local gas conductivities as well as the relative 

importance of the conduction through the solid backbone. 

Results and Discussion 

Thermal conductivity calculations were done for three different envelope densities (0.12, 0.20 

and 0.28 g/cm3) and two different particle contact diameters (0 and 2.5 nm). A summary of the 

calculated thermal conductivities as well as different physical properties of the porosity of the 

different pore contact unit cell can be found in Table S4. 

 

Table S4. Calculated thermal conductivities λ of particle contacts with different envelope 

densities (ρbulk, assuming a solid density of 2.0 g/cm3), and diameter of the contact are between 

primary particles (dcontac). Calculated conductivities are reported in x, y and z direction, where 

the particle contact is arranged in the y direction. Also shown are averaged values assuming a 

serial (λser) and parallel (λpar) arrangement of contacts in different direction as well as a parallel 

arrangement of λser and λpar (λav). Also reported are other physical properties of the particle 

contact unit cell, such as the specific surface area (Aspec), the surface per volume ratio of the 

pores (Apore/Vpore) and the average pore size calculated using the maximum included sphere 

method (dpor). 

 

ρbulk dcontact λx =λz λy λser λpar λavg Aspec Apore/Vpore dpore 
g/cm3 nm mW/(m K) m2/g nm-1 nm 
0.12 0.0 16.8±0.005 33.9 20.2 22.5 21.3 600 1091 16.1 
0.12 2.5 17.4±0.023 72.0 23.3 35.6 29.4 533 1063 17.4 
0.20 0.0 13.1±0.047 41.5 17.0 22.6 19.8 600 654 11.5 
0.20 2.5 13.8±0.030 105.4 19.4 44.3 31.9 533 638 12.5 
0.28 0.0 10.9±0.022 50.5 14.7 24.1 19.4 600 467 9.0 
0.28 2.5 11.5±0.052 140.7 16.5 54.6 35.5 533 455 9.9 



     

10 
 

a 

 
b 

 
Figure S4. Evolution of the calculated conductivities with increasing particle contact radius (a) and 

with increasing envelope density (b). The points shown correspond to the averaged thermal 

conductivity λavg, while the error bars are the parallel and serial limits (λpar and λser). 
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Figure S5. Thermal conductivity as a function of the E modulus for SCD aerogels for 2 

different aging times. The variation seen is the result of the density dependencies of the 

thermal conductivity and the E modulus.    
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