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ABSTRACT: This work investigates the effect of wall thickness on the thermal conductivity of
mesoporous silica materials made from different precursors. Sol—gel- and nanoparticle-based
mesoporous silica films were synthesized by evaporation-induced self-assembly using either
tetraethyl orthosilicate or premade silica nanoparticles. Since wall thickness and pore size are
correlated, a variety of polymer templates were used to achieve pore sizes ranging from 3—23
nm for sol—gel-based materials and 10—70 nm for nanoparticle-based materials. We found that
the type of nanoscale precursor determines how changing the wall thickness affects the resulting
thermal conductivity. The data indicate that the thermal conductivity of sol—gel-derived porous
silica decreased with decreasing wall thickness, while for nanoparticle-based mesoporous silica, FF#5
the wall thickness had little effect on the thermal conductivity. This work expands our
understanding of heat transfer at the nanoscale and opens opportunities for tailoring the thermal
conductivity of nanostructured materials by means other than porosity and composition.

hermal transport at the nanoscale has been an area of

intense research due to various applications of nano-
structured materials including thermoelectrics,”” thermally
insulating materials,”* and thermal interface materials.’
Nanostructuring offers unprecedented opportunities for
controlling thermal transport by tuning various structural
parameters.” Many structural factors such as pore size, total
porosity, surface or interface structure, defect density, and
impurities’ '’ can significantly influence the thermal con-
ductivity of nanoscale materials. In particular, porous materials
can be used as a platform for studying size effects due to their
tunable syntheses and high surface area.'’ Although the size
effect in crystalline materials is quite well understood,"”™"* the
size effect on the thermal conductivity of amorphous materials
remains underdeveloped.

Porous silica, which is based on an amorphous silica
network, has received significant attention, since its high
porosity can result in large reductions in thermal con-
ductivity'"'*~"” For instance, aerogels, composed of chains
of silica nanoparticles, feature extremely low thermal
conductivities (0.013 W/m K) and have been used for thermal
insulation in a variety of applications.'*™** Several studies' ">
have shown that the thermal conductivity of dense silica thin
films is independent of film thickness when the thickness is
greater than 100 nm, suggesting that any propagating modes
contributing to the thermal conductivity have mean free paths
(MEPs) below 100 nm."” In addition, the effective thermal
conductivity of mesoporous silica at room temperature has
been shown to decrease rapidly with increasing porosity.' %>’
Hu et al.*® proposed phenomenological, ad hoc two-phase
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mixture models that described the dependence of thermal
conductivity on porosity.

Notably, the effect of pore size on the thermal conductivity
of nanoporous silica remains unclear. In theory, the intensity of
scattering would depend on the size of the solid backbone.
While pore size and wall thickness are not rigorously linked,
they are generally correlated in most solution-derived porous
materials. As such, with a porous structure, the MFP should be
reduced when it is comparable to the pore size.”” Some
experimental studies, however, have suggested that the thermal
conductivity of mesoporous silica was independent of pore
size.”>** However, these studies only focused on silica aerogel
or sol—gel networks and sampled a limited range of pore sizes.
Jain et al. showed that the thermal conductivity of xerogel films
depended on the pore size distribution, with micropores
contributing the most to phonon scattering.”” However, due to
the different preparation processes, these samples may have
different amounts of cracks, defects, and impurities that also
contribute to phonon scattering, making the comparison
challenging. In our previous work,’" we suspected a depend-
ence of thermal conductivity on pore size in mesoporous silica;
however, the evidence was not strong enough to warrant a
conclusion. Thus, the investigation should be extended to a
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Figure 1. SEM (a—d) and transmission electron microscopy (TEM) (e,f) images of NP-based mesoporous silica films templated with PMMA
colloids or Pluronic F127 with average sizes of (a) 10, (b) 20, (c) 35, (d,f) 70, and (e) 10—16 nm.

broader pore size range to gain better insight into the effect of
pore size on the thermal conductivity of mesoporous silica.

The present study discusses the effect of pore size on the
effective thermal conductivity of mesoporous silica films with a
wide range of pore sizes and two different silica frameworks,
i.e,, a continuous matrix synthesized using sol—gel methods or
a discontinuous network made from discrete nanoparticles. A
number of sol—gel (SG)- and nanoparticle (NP)-based
mesoporous silica thin films with different pore sizes were
synthesized under the same conditions to reduce the effect of
impurities and defects. The effective thermal conductivity in
the out-of-plane direction was measured with time domain
thermoreflectance (TDTR)*** in vacuum at room temper-
ature to eliminate the contribution of the gas phase on thermal
transport. During thermal treatment, these films shrink in an
anisotropic manner, with a greater degree of shrinkage in the
out-of-plane direction compared to the in-plane direction. As
such, we are measuring the upper limit of the thermal
conductivity, since the porosity in the out-of-plane direction
may be lower than in the in-plane direction.

Multiple NP-based mesoporous silica films with pore
diameters in the range of 10—70 nm were synthesized using
PMMA colloids or Pluronic triblock copolymers as the
template to thoroughly examine the effect of pore size on
the thermal conductivity. Figure la—d shows scanning electron
microscopy (SEM) images of porous silica films templated
with different sizes of PMMA. The average pore size estimated
from the SEM images matched the average size of PMMA
colloids used for the synthesis, with wide pore size
distributions due to the polydisperisity of the PMMA colloids.
In addition, the increase in the wall thickness of the NP-based
films with increasing average pore size can be directly
observed.

Figure lef shows TEM images of typical F127-templated
and 70 nm PMMA-templated NP-based mesoporous silica
films. Since the samples were obtained from thick films, the
pores are not easily visualized in transmission unless the
sample is viewed directly down a pore axis, which is
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improbable for these disordered porous networks. Instead,
one sees only differences in contrast in the films due to the
absence of nanoparticles in some regions, which indicates the
presence of pores somewhere within the thickness of the
sample. While the pores are not easy to see, the nanoparticle
building blocks are easier to observe. Figure S1 shows an image
with both the pores and nanoparticle building blocks outlined
for clarity. Because the nanoparticles used for all films were the
same size, an increase in the thickness of the walls simply
requires more nanoparticles stacked together.

The porosity and pore size distributions of NP-based
mesoporous silica films templated with Pluronic F127 were
analyzed by ellipsometric porosimetry at ambient temperature
using toluene as the adsorbate.** The NP-based silica films
templated with PMMA colloids could not be measured using
ellipsometric porosimetry due to their large pores that scatter
the light used in the ellipsometric measurement. As a result,
the porosity and the pore size were measured using N,
adsorption porosimetry on the NP-based mesoporous silica
powders templated with PMMA colloids that were prepared in
the same conditions as their corresponding films. Figure 2
shows the adsorption—desorption isotherms and pore size
distributions for representative NP-based mesoporous silica
films templated with Pluronic F127 and PMMA colloids. Both
isotherms were of type IV(a) with an H2(b) hysteresis loop
according to the IUPAC classification,*® which indicates
mesopores connected by narrow necks. The slope of the
adsorption isotherm as a function of relative pressure was
much steeper in the F127-templated sample (Figure 2a) than
in the PMMA-templated samlgle (Figure 2b), suggesting a
narrower pore size distribution.”” The difference in the degree
of polydispersity was also observed in the pore size distribution
(Figure 2c,d). In fact, the PMMA-templated films had a
bimodal pore size distribution, indicated by the two different
hysteresis regions at P/Py = 0.45—0.75 for small pores and at
P/P, = 0.9—1 for larger pores (Figure 2b). The small pores
corresponded to the intrinsic gaps between the silica
nanoparticles and ranged from 4 to 6 nm in diameter. The
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Figure 2. Isotherms and pore size distributions for NP- and SG-based mesoporous silica films templated with various polymers and surfactants. (a)
Toluene adsorption/desorption isotherms for an F127-templated NP-based mesoporous silica film with a porosity of 52.5%. (b) Nitrogen
adsorption/desorption isotherms for 70 nm PMMA-templated NP-based mesoporous silica with a porosity of 49%. (c) Number-weighted pore size
distributions (PSDs) for F127-templated NP-based mesoporous silica films with the porosities indicated. (d) Number-weighted PSD for NP-based
mesoporous silica materials with different PMMA templates. The pores between 2 and 4 nm are derived from the intrinsic gaps between the
nanoparticle, while those indicated by the colored arrows are derived from the removal of the PMMA template. (e) Representative toluene
adsorption/desorption isotherms for SG-based mesoporous silica films synthesized with different templates. (f) Representative number-weighted
PSDs for SG-based mesoporous silica films with different templates. Insets in (a) and (b) are representative SEM images of NP-based mesoporous
silica films templated with F127 and 70 nm PMMA, respectively. The pore diameters from porosimetry matched those observed in SEM images.

Table 1. Structural Characterization and Thermal Conductivity of F127- and PMMA-Templated NP-Based Mesoporous Silica
Films“

porosity  average interparticle pore diameter  average templated pore diameter = measured wall thickness thermal conductivity
template (%) (nm) (nm) (nm) (W/mK)
10 nm PMMA 65+ 1 3+2 10 £ 10 14 + 4 0.096 + 0.006
F127 68 + 1 - 16 + 2 7x1 0.107 + 0.005
35S nm PMMA 711 4+£3 30 = 10 25+ 6 0.098 + 0.005
F127 S3=x1 - 11+2 7x1 0.19 + 0.01
10 nm PMMA 49 £ 1 3+2 10 + 10 14+1 0.24 + 0.01
20 nm PMMA S0+1 S+3 27 +£7 15+£5 0.21 + 0.02
70 nm PMMA 49 +£1 S+3 74+ 9 38 + 15 0.19 + 0.01

“Average pore diameters from the gaps between particles and voids from template removal are included.

large pores corresponded to the voids left after removing the the pore size distribution of NP-based mesoporous silica films
PMMA template, and their size ranged from 15 to 68 nm, templated with Pluronic F127 showed only one peak. This can
depending on the size of the PMMA colloids used. By contrast, be attributed to the fact that the size distributions of the
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Figure 3. SEM (a—d) and TEM images (e,f) of SG-based mesoporous silica films templated by (a) BrijC10, (b) Pluronic P123, (c,e) Pluronic
F127, and (d,f) PBO—PEO block copolymer. Films had increasing pore size from (a) to (d).

interparticle porosity and of the template-derived porosity
were similar and overlapped.

Table 1 summarizes the structural characterization and
thermal conductivity of two groups of NP-based mesoporous
silica films with similar porosities but different pore diameters.
The two different pore diameter values for PMMA-templated
materials correspond to the intrinsic gaps between the silica
nanoparticles and the voids left after removing the PMMA
template, respectively. The first group had a porosity of 65—
71% and pore diameter of 15—28 nm, while the second group
had a porosity of 49—53% and pore diameter of 10—68 nm.
The thickness of the pore walls was estimated from the SEM
images. Table 1 indicates that NP-based mesoporous silica
films with similar porosities had similar effective thermal
conductivities despite having very different average pore sizes
and, as a result, different wall thicknesses. We hypothesize that
this observation is due to the fact that the thermal transport in
NP-based films was determined by the heat carrier scattering
between particles as well as at the boundary of each
nanoparticle, both of which depend on the nanoparticle size
rather than on the wall thickness.

To examine the effect of pore size on the thermal
conductivity of sol—gel mesoporous silica films (SG-based
mesoporous silica), multiple SG-based mesoporous silica films
with pore diameters in the range of 3—23 nm were synthesized
using different organic templates. Here, PMMA colloids could
not be used as templates, as they are incompatible with the
solvents used for sol—gel synthesis (the PMMA colloids
aggregate and precipitate in ethanol). Figure 3 shows typical
SEM images of the SG-based mesoporous silica films
synthesized with these different templates. Those templated
with CTAB and BrijC10 had very small pores between 1 and 4
nm in diameter. On the other hand, the films templated with
different sized PBO—PEO block copolymers had large pores
with diameters between 1S and 25 nm (Figure 3d). The block-
copolymer-templated films displayed fairly ordered porous
structures, as shown in Figure 3b—d. This was further
supported by two-dimensional grazing-incidence small-angle
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X-ray scattering (2D-GISAXS) patterns, which are shown in
Figure S2. The diffraction arc indicates that the pores are at
least partly ordered. The intensity around the arc is not fully
uniform, however, because there are only a finite number of
repeat distances in the out-of-plane direction, while there is
effectively an infinite number in the in-plane direction.
Moreover, the in- and out-of-plane lattice spacings are also
not the same, because more shrinkage occurs in the direction
normal to the substrate, compared to in-plane. The result is a
continuous distribution with broader peaks occurring at a
higher g in the out-of-plane direction and narrower peaks
occurring at a lower ¢ in the in-plane direction. To rapidly
quantify this distribution, here we report only the in-plane peak
positions from Figure S2c, but all orientations are present. As
expected, the inter-repeat distance, d, calculated as d = 27/4,
increases as the template size increased. Finally, TEM images
(Figure 3e,f) show clear pores, which again arise because the
ordered porosity allows transmission images to be collected in
which all the pores line up on top of each to make clear regions
of dark and light contrast.

The porosity and pore size of SG-based mesoporous silica
films were measured by ellipsometric porosimetry using
toluene as the adsorbate. Figure 2ef shows toluene
adsorption—desorption isotherms and pore size distributions
for representative SG-based mesoporous silica films templated
with BrijC10, Pluronic P123, Pluronic F127, and PBO—-PEO.
Here also, the hysteresis loops in the isotherms indicated the
presence of mesopores connected by narrow necks. Most of
the samples had a fairly narrow pore size distribution. The pore
sizes from the ellipsometric porosimetry measurement were in
agreement with estimates from SEM images. The pore walls’
thickness w of SG-based mesoporous silica films was calculated
by combining the pore radius r from ellipsometric porosimetry
with the interplane spacing d from 2D-GISAXS using the
equation38

(1)
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Table 2. Structural Characterization and Thermal Conductivity of SG-Based Mesoporous Silica Films Synthesized with

Different Templates

template porosity (%)  pore diameter (nm)  unit cell repeating distance (nm)
P123 S9+1 10+1 13+1
F127 62 + 1 13+1 14 +1
PBO—PEO 60 + 1 24 + S 35+3
P123 43+1 6+ 1 11+£5S
F127 44 +1 8+2 14 +1
PBO—-PEO 44 + 1 14+7 23+1
CTAB 16 + 2 2+1 N/A
BrijC10 21 +2 2+1 N/A
P123 18 +2 3+1 N/A
F127 19 +2 4+1 N/A

wall thickness (nm)“  thermal conductivity in vacuum (W/mK)

Sx1 0.081 + 0.006
3x+1 0.096 + 0.009
16 + 6 021 + 0.01
7S 0.157 + 0.008
8 +2 0.24 + 0.01
13+7 0.29 + 0.02
2+1 0.31 £+ 0.02
2+1 0.28 + 0.02
4+1 0.40 £+ 0.02
S+2 0.41 + 0.02

“Wall thickness calculated from GISAXS and porosimetry data. For samples without GISAXS data, a range was estimated from SEM images.

In general, sol—gel silica films made with larger templates
also displayed thicker walls. For films that lacked periodicity
(at a low Mgy /Msio, ratio or templated by CTAB and

BrijC10), a range of wall thicknesses were measured and
estimated from SEM images.

To isolate the effect of wall thickness from porosity on the
thermal conductivity, Table 2 and Figure 4 summarize the
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Figure 4. Thermal conductivity as a function of porosity for SG-based
mesoporous silica films templated using different polymer templates
to provide a range of pore diameters (BrijC10 and CTAB from 2 to 4
nm, F127 and P123 from § to 15 nm, PBO—PEO from 15 to 25 nm),
measured under vacuum. Dashed lines correspond to fits to the
PWSM model with fit values shown in the legend.

characterization of three groups of SG-based mesoporous silica
films with similar porosities but different pore diameters and
wall thicknesses. The first group had a porosity of 59—62% and
pore diameter ranging from 10 to 23 nm, the second group had
a porosity of 43—45% and pore diameter ranging from 5 to 15
nm, while the third group had a porosity of 18—22% and pore
diameter ranging from 2 to 4 nm. Table 2 indicates that SG-
based mesoporous silica films with a similar porosity but larger
pore size had larger effective thermal conductivity. For a given
porosity, the SG-based mesoporous silica films templated with
CTAB and BrijC10 had lower thermal conductivity than films
templated with Pluronic P123 templates, followed by films
templated with Pluronic F127 and then PBO—PEO. This
order correlated with the pore sizes created by these templates
in SG-based mesoporous silica films.
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Such a positive correlation between pore size and thermal
conductivity at a fixed g)orosity had been previously observed
in porous crystals.””~*' In crystals, the heat is carried by
traveling phonons with a certain distribution of phonon MFPs.
The scattering of phonons at the boundary between pores and
the solid phase can reduce the effective phonon MFPs and thus
the thermal conductivity. Thus, the intrinsic mean free path
determines the maximum pore size that would affect the
thermal conductivity. For example, in silicon, the suppression
of phonon MFPs can be significant when the pore size is about
1 um, because the intrinsic MFPs of a substantial portion of
phonons can exceed 1 pm.'* Analogous to silicon, the
correlation between pore size and thermal conductivity in
amorphous SG-based mesoporous silica films can also be
attributed to the vibrational modes scattering near the pores.
Importantly, it indicates that the MFPs for a non-negligible
fraction of the vibrational modes are between 1 to 10 nm. This
result is also consistent with the recent molecular dynamic
simulation results and experimental results from ballistic
transport across Si/SiO,/Si nanostructures.’”**

A porosity weighted simple medium (PWSM) model has
been proposed to account for the combined effect of pore size
and shape and thermal contact between particles by using a
fitting parameter x.”*** The parameter x can vary between 0
and infinity, corresponding to the serial and parallel effective
medium approximations, respectively. This model has been
used extensively for various porous materials including silica
xerogels”® and templated mesoporous silica.”*** Considering
that the disperse phase in the pores of our sol—gel mesoporous
silica films is vacuum, the PWSM model simplifies to”

Kest = Ksio,(1 = ) (1 — &) ()

Fitting the PWSM model to our experimental data yielded x
=0.19, 0.31, and 0.58 for small (CTAB and BrijC10), medium
(P123 and F127), and large (PBO—PEO) pore sizes,
respectively. Figure 4 plots the effective thermal conductivities
of sol—gel-based mesoporous silica films as a function of
porosity and compares them with the three predictions
obtained from eq 2. A value of x approaching 0 corresponds
to the asymptotic case captured by the serial model, which can
be physically represented as a lamellar structure consisting of a
series of silica layers separated by layers of air, all aligned with
the layers perpendicular to the direction of heat flow; this
results in the lowest thermal conductivity possible for a given
porosity. We find that x increases as the pore size and
corresponding wall thickness increase, suggesting that thicker
walls enhanced the through-plane heat conduction captured in
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the limiting case by the parallel model (which physically
corresponds to the same alternating air and silica layers, this
time with the layers oriented parallel to the direction of heat
flow). In an attempt to more explicitly capture the effect of
pore size on the thermal conductivity of our material, Figure
S3 further shows the same data fit with a model developed by
Alvarez et al. that contains explicit pore size dependence.”
While the fit parameters are reasonable, the fit quality is
relatively poor, likely because the model was developed for
crystalline porous materials.

Overall, in this work, we examined how wall thickness
controls thermal conductivity for mesoporous silica materials
with different pore sizes and corresponding wall thicknesses
that are made from different building blocks. We find a
fundamental difference in how wall thickness effects thermal
conductivity in SG-based versus NP-based mesoporous silica
films. As revealed by the TEM images in Figure le,f, the walls
of the NP-based film are made of discrete interconnected silica
nanoparticles, which suggests that the characteristic length
limiting the vibrational MFP is the size of the silica
nanoparticles, not the thickness of the walls. As such, changing
the pore size, and ultimately the wall thickness, should not
significantly affect effective thermal conductivity. By contrast,
SG-based mesoporous silica is composed of a continuous
network surrounding mesopores. Here, the characteristic
length limiting the vibrational MPF is the thickness of the
pore walls. Because SG-based mesoporous silica with a large
pore size also tends to have large wall thickness, heat carriers
traveling in SG-based mesoporous silica with large pores will
experience less scattering, resulting in higher effective thermal
conductivity.

This work thus helps expand our understanding of heat
transfer at the nanoscale and opens new avenues for tailoring
the thermal conductivity of nanostructured materials by means
other than porosity or composition. These results also help to
explain some of the seemingly contradictory data in the
literature. Depending on the exact synthesis conditions,
nontemplated sol—gel materials can be composed of more
continuous, filamentous materials or more aggregated nano-
particles.”” With our new understanding, it would be expected
that thermal conductivity in some systems would depend
strongly on wall thickness, while in others, it would not.

B EXPERIMENTAL METHODS

Sol—gel- and nanoparticle-based mesoporous silica thin films
were prepared by evaporation-induced self-assembly according
to previously reported methods.” Detailed procedures of the
synthesis and characterization of the films are provided in the
Supporting Information.
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