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ABSTRACT: In this work, we examined the effect of nanoparticle size on the thermal
conductivity of mesoporous silica materials made from colloidal precursors. Porous thin
films were synthesized using a polymer-templating method, employing commercial
colloidal silica solutions containing nanoparticles 6, 9, and 22 nm in diameter as the silica
source and poly(methyl methacrylate) colloids as the template. The ratio of polymer to
silica was then varied to produce films with a range of porosities. The thermal
conductivity of the films was measured using time domain thermal reflectance, and the
results indicated that, for the particle sizes studied, there was a weak dependence of
thermal conductivity on particle size. This weak dependence was associated with
increased interfacial scattering of heat carriers at the boundaries of the smaller nanoparticles. This work adds to our understanding of
the effect of nanostructuring on heat transport in amorphous material systems and improves our ability to design low thermal
conductivity materials.

■ INTRODUCTION
The study of thermal transport is integral to the development
of new materials for microelectronics and energy conserva-
tion.1−6 One class of materials of interest is thermally
insulating materials, which inspire the exploration of strategies
for lowering thermal conductivity.1,4,5,7 Nanostructuring is
known to be an effective method of reducing thermal
conductivity due to the variety of structural parameters that
can be tuned on the nanoscale, including grain boundary
density and nanoporosity.1,8 In particular, amorphous silica
networks with nanoscale pores are of great interest because of
their demonstrated ability to reach very low thermal
conductivity at high porosity.1,9−12 Higher porosity reduces
the effective density, which decreases the material available for
conduction, thereby limiting heat carrier transport. Pores also
decrease thermal conductivity by increasing the internal
surface area that is available to scatter heat carriers.13−17

However, the very low density of such materials at high
porosity often makes them fragile and hazy or opaque, which
limits their use in applications that require durability or optical
clarity, such as thermally insulating window coatings. As a
result, identifying other nanoscale structural parameters that
could decrease thermal conductivity would open up new
avenues in the design of thermally insulating materials.
In crystalline materials, particle size has been harnessed as an

effective strategy to tune thermal conductivity. Heat carriers
propagate in these materials in the form of lattice vibrations

called phonons.5,18 On scales smaller than the phonon mean
free path, phonon transport, and therefore thermal con-
ductivity, has been shown to decrease with decreasing feature
size.5,7,16−20 In amorphous materials, however, the influence of
feature size on the thermal conductivity is less well
understood.21 Heat transfer in amorphous materials is carried
out via many vibrational modes, including propagons, which
behave like phonons but with much shorter mean free paths
due to the lack of structural order in amorphous net-
works.15,16,22 Thus, prevailing theory suggests that heat transfer
in amorphous materials is too localized for any size effects to
exist.18 However, Gao and Jelle recently calculated the intrinsic
solid-state thermal conductivity of silica nanoparticles as a
function of particle size and found a weak effect of size on the
nanoparticle thermal conductivity.18 In addition, Yan et al.
recently examined the effect of pore wall thickness on the
thermal conductivity of amorphous mesoporous silica thin
films made from sol�gel precursors as well as from
commercial nanoparticle precursors.1 The authors found that,
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for a given porosity, in a continuous sol�gel-based silica
network, the thermal conductivity decreased as the thickness of
the silica walls decreased. However, no trend in the thermal
conductivity with wall thickness was observed for films made
from discrete nanoparticle precursors. They attributed this lack
of correlation to the fact that the nanoparticles making up the
walls were the same size, hypothesizing that there would be an
effect of nanoparticle building block size, rather than wall
thickness, on thermal conductivity. In this work, we are
interested in building upon these studies to experimentally
explore the existence of any nanoparticle size effects on the
thermal conductivity of amorphous silica nanoparticle-based
films.

■ EXPERIMENTAL METHODS
Materials. The following materials were obtained from

commercial suppliers and used without further purification:
colloidal suspensions of silica nanoparticles (15 wt %, Nalco
2326, ammonium-stabilized colloidal silica, d = 5 nm, Nalco
Chemical Co.; 6−8 wt %, Nyacol LiSol3, lithium-stabilized
colloidal silica, d = 2−4 nm, Nyacol Nano Technologies; 40 wt
% NexSil 20NH4, ammonium-stabilized colloidal silica, d = 20
nm, Nyacol Nano Technologies); triblock copolymer Pluronic
F127 (EO100PO65EO100, Mw = 12600 Da, BASF).

Synthesis of Polymer-Templated Mesoporous Silica
Films. As purchased, Pluronic F127 or synthesized PMMA
colloids (synthesized as described in the Supporting
Information) were used as the pore-forming template, and
silica colloids of diameters 6, 9, and 22 nm were used to form
the randomly agglomerated network. Porous silica films were
then made as previously described.1,23 For the Pluronic F127-
templated films, the appropriate mass of Pluronic F127
dissolved in 5 mL of DI H2O was added to a fixed volume
of silica nanoparticles to produce solutions with polymer-to-
silica ratios between 0.6 and 1.2 g/g. For the films using
PMMA as the template, 5 mL of the PMMA solution was
combined with varying volumes of the colloidal silica solutions
to produce solutions, again with polymer-to-silica ratios
between 0.6 and 1.2 g/g. For each solution, 80 μL was spin-
coated onto a plasma-cleaned 1 in. × 1 in. Si substrate. The
film thickness was adjusted by controlling the spin speeds. The
dried films were aged at 180 °C for 6 h and then calcined in air
at 350 °C for 30 min using a 2 °C min−1 temperature ramp to
remove the polymer.
Full details of the characterization of the calcined films are

given in the Supporting Information.

■ RESULTS AND DISCUSSION
The precursors used in the synthesis of the mesoporous silica
thin films and their sizes are depicted in Figure 1. The
diameters of the commercial silica colloids were measured
from transmission electron microscopy images (TEMs), as
seen in Figure 1a,c,e. These measurements yielded diameters
of 6 ± 1 nm (Figure 1a), 9 ± 2 nm (Figure 1c), and 22 ± 2 nm
(Figure 1e), here called NP6, NP9, and NP22, respectively. All
silica nanoparticles were monodisperse, but the particle size
distribution broadened as the particle size increased. This can
be observed in Figure 1 through the increase in the width of
the histograms going from NP6 (Figure 1b) to NP9 (Figure
1d) to NP22 (Figure 1f). The silica colloids were combined
with poly(methyl methacrylate) (PMMA) colloids, synthesized
according to the previously reported method1,24 and described

in the Supporting Information, that served as the polymer
template. The PMMA colloids had a diameter of 62 ± 7 nm, as
depicted in the SEM image (Figure 1g) and the histogram of
the measured diameters (Figure 1h).
As purchased, the NP9 and NP22 commercial silica colloids

were both stabilized with NH4
+ counterions, but the NP6

solution was stabilized with Li+. To ensure that possible
differences in thermal conductivity result from differences in
nanoparticle size rather than counterion, the Li+ stabilizing the
NP6 solution was exchanged to NH4

+ using a batch ion-
exchange process,25 as described in the Supporting Informa-
tion. Figure 2 shows TEM images and size analysis of the Li+-
and NH4

+-stabilized NP6 solutions and the resulting films. The
nanoparticles had approximately the same diameters, as is
observed in the TEM images, Figure 2a,d, and the particle size
distributions, Figure 2b,e. High-magnification SEM images of

Figure 1. Electron microscope images and size analysis of the
commercial silica colloids used as the building blocks for the
nanoparticle-based mesoporous silica films. Transmission electron
micrographs (TEMs) (a, c, and e) and histograms of nanoparticle
diameter distributions (b, d, and f) for commercial silica solutions of
diameters 6 ± 1 nm (a and b), 9 ± 2 nm (c and d), and 22 ± 2 nm (e
and f). Scanning electron micrograph (SEM) (g) and histogram of the
measured diameters (h) of the PMMA colloids used as the polymer
template. 100 particles were measured to generate each histogram.
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the samples, templated with the triblock copolymer Pluronic
F127 (Figure 2c,f), show that exchanging the cation did not
affect the porous structure of the films. However, examining
the thermal conductivity of a small sample set of films made
from the Li+- and NH4

+-stabilized nanoparticles (Figure 3)

indicated that the films made from the NH4
+-stabilized colloids

had lower thermal conductivity than those made from the Li+-
stabilized colloids. We hypothesize that this difference is due to
the fact that the NH4

+ salt decomposes at the temperatures
used for film calcination while the Li+ salt does not. Thus, Li+
should remain in the film and may contribute to the thermal
conductivity. Therefore, to ensure that the counterion does not
affect the measured thermal conductivity of the samples, only
NH4

+-stabilized silica colloids were considered further.
The silica and PMMA colloids were combined in ratios

ranging from 0.6 to 1.2 gPMMA/gsilica to produce smooth, crack
free films with varying porosities. The porous structure of the

samples was characterized through SEM, nitrogen porosimetry,
and optical interferometry,26 as shown in Figure 4. Further
details of this characterization are provided in the Supporting
Information. The SEM images in Figure 4a−f clearly show the
porous structure of representative films made from the NP6,
NP9, and NP22 silica colloids. The lower magnification
images, Figure 4a−c, show that the films produced were
smooth and homogeneous with pores well distributed in the
network. The pore sizes for all samples were approximately the
same, which is expected as the same PMMA template was used
to make all films. The higher magnification SEM images,
Figure 4d−f, show that the silica colloids that constitute each
network were of different sizes and that as the size of the
colloids increased, the ability to resolve the individual particles
in the network increased as well. This is shown more clearly in
Figure S1 in the Supporting Information. Figure S2 further
confirms that the networks remain particulate in nature, even
down to the smallest colloid sizes used here, even though the
colloids cannot be easily resolved with our in-house SEM.
Additionally, both Figures 4 and S2 indicate that the colloids
are randomly agglomerated in the network and are not
organized by the polymer template.
Figure 4g shows the pore size distribution of representative

porous powder samples made from each colloid solution at a 1
gPMMA:gsilica ratio. The pore size distributions (Figure 4g)
establish that each sample had two distinct pore sizes. The first
pore size was due to the intrinsic gaps between the
nanoparticles. This gap size increased from 5 ± 3 to 8 ± 3
to 11 ± 5 nm as the nanoparticle size increased from 6 to 9 to
22 nm, respectively. A second pore size was observed at
approximately 80 nm due to the PMMA-templated pores. This
pore size distribution was fairly broad as a result of the
polydispersity of the template used. The nitrogen adsorption−
desorption isotherms of the samples, shown in the inset of
Figure 4g, were complex. According to the IUPAC
classification,27,28 the general shape of the nitrogen adsorp-
tion−desorption isotherms at relative pressure less than 0.9

Figure 2. Characterization of the commercial 6 ± 1 nm silica (NP6) particles stabilized with Li+ (as purchased) and NH4
+ (ion-exchanged). TEM

images depicting the Li+-stabilized (a) and the ion-exchanged NH4
+-stabilized (d) 6 nm silica nanoparticles. Histograms used to quantify the

measured diameters of the Li+-stabilized (b) and ion-exchanged NH4
+-stabilized (e) 6 nm silica nanoparticles, showing that the size distributions

were similar. SEM images of films synthesized using Li+-stabilized (c) and the ion-exchanged NH4
+-stabilized (f) 6 nm silica nanoparticles with

Pluronic F127 as the pore-forming template show that, on the nanoscale, the structure of the films was similar.

Figure 3. Thermal conductivity as a function of porosity for Li+-
stabilized and ion-exchanged NH4

+-stabilized 6 nm silica nano-
particles showing that the counterion affects the thermal conductivity
of the samples, with ammonium counterions producing lower thermal
conductivity materials.
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resembled that of a Type IV (a) isotherm with an H2(b)
hysteresis loop. Such isotherms are typical of mesoporous
materials with fairly narrow pore size distributions and pores
connected by narrow necks.27 This hysteresis was due to the
intrinsic gaps between the nanoparticles. Above a relative
pressure of 0.9, the volume of nitrogen absorbed did not
plateau as is typical of mesoporous samples. Instead, there was
another increase in the volume adsorbed that is typical of
macroporous samples, resulting from the large pores created by
the PMMA template. As the nanoparticle size increased, the
relative pressure increased where the volume of adsorbed
nitrogen increased, resulting in the observed trend of
increasing pore size.
Since the pores created by the PMMA colloids were just

outside the range that can be accurately determined by
nitrogen porosimetry, the total porosity measured using
nitrogen porosimetry was not necessarily an accurate
description of the total porosity of the films. As a result, we
used an interferometry-based technique to retrieve the total
porosity of the films used for the thermal conductivity
measurements. The details of this interferometry technique
have been previously described.26 The retrieved porosities
depicted in Figure 4h show that, in general, the porosity of the
films increased as the ratio of PMMA/silica increased. The
samples made from the NP6 and NP9 colloids had similar
porosities, while those made from the NP22 colloids had

significantly greater porosities. This increased porosity for the
larger colloids may be due to larger gaps between colloids in
these samples.
Conduction is the primary mode of heat transfer in these

mesoporous thin films. Since the porosity of our samples is
relatively small and silica absorbs strongly in the infrared part
of the spectrum, the contribution of radiation to the overall
heat transfer should be negligible. Additionally, the small pore
size means that convection is not important to heat transfer in
this material.29 The effective thermal conductivity of the
PMMA-templated films as a function of porosity is plotted in
Figure 5. The dominant trend in the thermal conductivity
across all samples is a decrease in thermal conductivity as
porosity increased, with a subtle increase as the particle size
increased. In our previous work,1 we observed a distinct
increase in the porosity-dependent thermal conductivity when
the thickness of the walls increased in porous silica films with
solid continuous silica walls with thicknesses in the range from
∼2 up to ∼25 nm. This led us to hypothesize that such a
distinct difference in porosity-dependent thermal conductivity
would also occur if the walls were made of nanoparticles with
different diameters. However, only small differences can be
observed in the present study, indicating that thermal
resistance between particles is not dominating. This weak
size dependence is similar to the findings of Zhao et al., who
studied amorphous regions in silicon nanowires and found that

Figure 4. Structural characterization of porous samples made with silica colloids of different sizes, showing the range of porosities used. (a−c) Low-
magnification SEMs of PMMA-templated silica films made from commercial colloidal silica solutions with colloid sizes of (a) 6 ± 1, (b) 9 ± 2, and
(c) 22 ± 2 nm. These low-magnification images show that the pores were well distributed in the silica network. (d−f) High-magnification SEMs of
PMMA-templated silica films made from commercial colloidal silica solutions with colloid sizes of (d) 6 ± 1, (e) 9 ± 2, and (f) 22 ± 2 nm. The
individual nanoparticles can be observed as the diameter of the nanoparticles increased. (g) Normalized number-weighted pore size distributions
(PSDs) with the inset showing the nitrogen adsorption/desorption isotherms measured at 77 K on powdered samples made from PMMA and
commercial silica solutions of different diameters at 1 gPMMA/gsilica. The pore widths between 0 and 20 nm were from intrinsic gaps between the
particles while those above 50 nm were due to the polymer templating. (h) Porosities of PMMA-templated films used in this study obtained from
optical interferometry.
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thermal conductivity was independent of the length of the
amorphous region.30 We believe that these nearly size-invariant
data result from the fact that, even at 6 nm, the sizes of all
nanoparticles are still significantly larger than the mean free
path length of heat carriers in amorphous silica (ca. 1 nm).31

To try to capture the effect of nanoparticle size on the
thermal conductivity of the films, we examined the
phenomenological model postulated by Liang and Li32 to
predict the thermal conductivity of individual semiconductor
nanowires and nanoparticles, as well as dense thin films. Gao
and Jelle18 showed that this model gives good predictions for
amorphous silica nanoparticles. The model is given by

= i
k
jjj y

{
zzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
p

d d L
exp exp

1
/ 1

eff

SiO 0

3/2

2 (1)

where κef f is the effective thermal conductivity of the
nanomaterial (in our case, the silica nanoparticles) and p
describes the roughness of the surface and can vary from 0 to
1, with 1 representing a smooth surface with a high probability
of specular scattering and 0 a very rough surface with a high
probability of diffuse scattering. Note that the parameter p for
wet chemically synthesized nanoparticles was reported as
approximately 0.4.18,33 Here, λ is the phonon mean free path of
silica at room temperature, d is the nanoparticle diameter, and

= + S R1 2 /3V is a material constant that depends on the
universal gas constant, R = 8.31451 J mol−1 K−1, and on the
bulk vibrational entropy =S H T R( ( / ) )V m m , where Hm=
9580 J mol−1 and Tm = 1986 K are the melting enthalpy and
the melting temperature, respectively, for fused silica.34 Finally,
L0 is a critical size at which all atoms are located at the surface
of the nanomaterial and is given by L0 = 2(3 − β)w, where β is
a dimension parameter (β = 0 for nanoparticles) and w is the
interatomic distance (w = 0.16 nm for Si−O bonds).35

The effective thermal conductivity of each mesoporous thin
film with porosity ϕp was then predicted using the Russell
model,36 which has been used for predicting the thermal
conductivity of bulk materials with spherical pores and is given
by
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The particle thermal conductivity was then predicted by eqs 1
and 2 so that
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Applying eq 3 to the films made with the different nanoparticle
sizes yields the predictions shown in Figure 5 for each particle
diameter. Through least-squares fitting, the data were best
described using a mean free path λ = 0.42 nm and a particle
roughness p = 0.44. These fits are shown in Figure 5.
We can compare the phonon mean free path λ described by

eq 3 to the value determined from the kinetic theory. The
kinetic theory relates the thermal conductivity of bulk silica
κSiO d2

to the phonon mean free path λ such that

= cvSiO
1
3 SiO ,SiO2 2 2

.31 Here, ρSiOd2
is the density of silica

(=2210 kg m−3),37cv,SiOd2
is our previously measured specific

heat capacity at constant volume (=750 J kg−1 K−1),1,38 and v is
the average sound velocity in the material, obtained from the
longitudinal vl and transversal vt wave vectors given by

= +v v v1
3 l

2
3 t, with vl = 5968 m s−1 and vt = 3764 m s−1.37

From this kinetic model, a phonon mean free path of λ = 0.56
nm in bulk silica (κSiOd2

= 1.4 W m−1 K−1) was retrieved, which
agrees reasonably well with the value of λ = 0.42 nm that was
obtained from eq 3. We also note that the values of λ = 0.42
nm and p = 0.44 are similar to those calculated by Gao and
Jelle18 for individual amorphous silica nanoparticles, namely, λ
= 0.59 nm and p = 0.4.
The mean free path λ retrieved was significantly smaller than

the size of the nanoparticles. As such, we believe that the
marginal decrease in the thermal conductivity observed when
the nanoparticle size decreased was not due to heat carrier
confinement. Rather, as the diameters of the particles became
smaller, the number of particles that make up the wall
increased, as did the number of interfaces that were responsible
for scattering heat carriers. Therefore, the decrease in thermal
conductivity may have been due to an increase in interfacial
heat carrier scattering, which may also have been partly
responsible for the size-dependent thermal conductivity
previously observed in pore walls.1 To achieve heat carrier
confinement, particles smaller than the vibration mean free
path of ∼0.5 nm would need to be fabricated. Although small
silica fragments can be synthesized, they are very reactive and
would likely form a continuous sol−gel network rather than a
colloidal network. As such, these results indicate that the best
way to further reduce thermal conductivity in amorphous
porous materials is by maximizing the interfaces for scattering
heat carriers. This can be done through the use of smaller
particles, thin walls, or novel materials such as hollow shells or
core−shell nanoparticles. Thus, because extremely small
colloidal structures cannot be produced, size effects alone
appear not to be a good method of further lowering thermal
conductivity beyond the standard porosity effects in nano-
porous materials built from amorphous building blocks.

■ CONCLUSION
This study investigated the effect of nanoparticle size on the
thermal conductivity of amorphous silica films. We found a
weak dependence of thermal conductivity on the diameter of
silica nanoparticles, which we attribute to an increase in

Figure 5. Effective thermal conductivity as a function of porosity for
silica nanoparticle-based, PMMA-templated films made from 6 ± 1, 9
± 2, and 22 ± 2 nm silica nanoparticles, fitted with eq 3. All films
were dried under vacuum at 150 °C before the thermal conductivity
measurements were conducted to remove any adsorbed water.
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interfacial scattering of heat carriers. The mean free path for
heat carriers extracted from the measured thermal conductivity
as a function of porosity across a range of silica colloid sizes
was in reasonable agreement with previous measurements for
bulk amorphous silica. As such, these results indicate that size
effects are not an effective way to lower thermal conductivity in
amorphous silica materials unless an unrealistically small size
can be reached. This conclusion should be general to any
nanoscale amorphous system where the domain size is
significantly longer than the vibration mean free path length.
The better way to design low thermal conductivity materials is
to maximize the interfacial surface area. This study thus adds to
our growing understanding of the effect of structure on heat
transport in amorphous, nanoporous systems.
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