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ABSTRACT OF THE DISSERTATION

Controlling the Architecture of Nanoporous Materials
to Regulate Thermal Conductivity and Optical Transparency

of Energy-Efficient Windows

by

Sophia King
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2021
Professor Sarah H. Tolbert, Chair
Transparent, insulating coatings can be applied to windows to increase the energy
efficiency of buildings. Amorphous material like silica make good thermal insulators due to their
local atomic disorder that impedes heat conduction. Pores can additionally be added to the material

to further reduce heat conduction by decreasing the material density while adding interfaces that

scatter heat carriers. This concept has been extensively used in highly porous silica aerogels, which



are valued for their ultra-low thermal conductivities. However, these aerogels significantly scatter
light, and cannot be used for applications that require high optical transparency. This thesis
examines four different nanoporous silica networks, synthesized using a combination of template-
assisted and template-free methods, to understand the relationship between the structure of each
network and its thermal conductivity, and to explore effective, scalable synthetic methods for
producing nanoporous materials with optimized porosity.

In the first part of this dissertation (Chapters 2 to 5), we explore the effect of nanoscale
architecture on polymer-templated silica-based networks. Silica-based thin films with various
types of precursors, pore sizes, particle sizes and dopants in the network are studied. We found
that although silica is amorphous, the change in the nanoscale architecture at fixed porosity and
changes in the chemical composition of the walls can both be used to tune the thermal conductivity.

In the second part (Chapter 6), we combined the knowledge gained from our thin film
studies to synthesize hollow silica shells that can be assembled to produce transparent, thermally
insulating monoliths. We optimize the synthesis of hollow silica shells to reduce their sizes from
c.a. 30 nm to below 15 nm, and then demonstrate a method to assemble those shells into
mechanically robust, monoliths.

In the final part of this work (Chapter 7 and 8), we use small angle X-ray scattering to
understand the structural changes that occur when silica precursors react to form wet gels and
when those gels are dried to produce monoliths. Insights into the changes in the nanoscale
architecture allow us to further optimize the optical transparency and minimize the thermal

conductivity of the final monoliths.
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CHAPTER 1

Introduction

Space heating and cooling of residential buildings accounted for about 40% of the energy
consumed in 2018 in the United States.! A significant fraction of this energy was used to maintain
the temperature of a unit when heat was lost or gained across roofs, walls, floors, and windows.
While a plethora of technologies have been developed to increase the insulating ability of walls,
roofs and floors, consumers have very limited options when it comes to more energy efficient
windows.>3 This is due to the need for windows to be optically transparent, a property that many
insulators do not possess. To combat this issue, many buildings have switched from single- to
multi-pane windows that better prevent heat conduction. However, retrofitting to these
technologies can be costly since the window frame must be changed in addition to the glass itself.
By designing thermally insulating coatings that can be directly deposited onto the glass of the
existing windows, consumers can decrease the energy lost across windows while retaining their
current window specifications.

A potential candidate for these thermally insulating coating is porous glass.*° Glass is
intrinsically transparent, and as a result it is currently used in most current window architectures.
In addition, the atomic scale disorder (amorphous nature) of glass, combined with the presence of
many solid/air interfaces in a porous network, makes the conduction of heat across the material
difficult. The combination of these properties has enabled significant reduction in the thermal
conductivity of bulk glass from 1.4 W m* K to 0.015 W m™ K in highly porous silica aerogels
(glass with at least 95% porosity).5” However, silica aerogels generally do not possess the superior
optical transparency of glass since they contain large pores that contribute to scattering of visible
light.® This dissertation focuses on rectifying these often conflicting issues of high optical
transparency and low thermal conductivity by designing new transparent insulators using
mesoporous silica materials that can be applied to windows.

Mesoporous silica, with pore sizes between 5-50 nm can be synthesized using either template-

assisted or template-free techniques with precursors that are either molecular-based that reacts to
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form a nanoscale network, or from pre-formed colloids that assemble into networks. In the first
part of this dissertation (Chapters 2 - 5) we use template-assisted synthesis to study the effect of
nanoscale architecture on the thermal conductivity of mesoporous silica-based thin films. In
template-assisted synthesis, the silica precursors self-assembles around a sacrificial template that
is removed by physical or chemical treatment, leaving behind a porous thin film.® This simple and
tunable technique we can readily change the type of precursor (NP or molecular based), the
template size which influences pore size and the composition of the network at a range of porosities.
This allows us to easily study the effect of nanoscale architecture, such as precursor type,'° pore
size’ and nanoparticle size (which may influence the path length for heat conduction), and the
incorporation of dopants, on thermal conductivity with a wide range of porosities.!?

For the second part of this dissertation (Chapter 6) we use the insights gained from the thin film
studies to synthesize precursors that can be scaled up in an industrial setting. There, we synthesize
hollow silica shells using a template-assisted technique referred to as single micelle templating.®
To date we have successfully synthesized hollow silica shells and reduced the diameters from 30
to 12 nm with core diameters from 15 to 7 nm, respectively to reduce optical scattering. We then
assemble these shells to produce a mesoporous monolith using a scalable, template-free process.
In the more scalable template-free process, the network forms by random aggregation of
nanoparticles in solution.'* Random pores are then created when the solvent is removed from the
interconnected gel network. The optical, properties of these hollow shell-based monoliths were
determined.

Finally, in the third part of this dissertation (Chapters 7 & 8) we use small angle X-ray scattering
(SAXS) to study and optimize the structure of mesoporous monoliths made from the template-free
approach as they gel at different temperatures or dry in a controlled stream of air. In these scalable
monoliths, the size of the primary particles that form the network and the resulting pore size control
the scattering of visible light, while the total porosity and the tortuosity of the network is related
to its ability to prevent heat carrier transport.t® Using SAXS, we can observe the change in size of
primary particles in our network as they grow, as well as the arrangement of these primary particles
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into a network with time. This allows us to identify specific events in the structural evolution that

control thermal conductivity or optical haze.

Overall, these approaches work synergistically as insights gained from studying films made

using the template-assisted technique as well as studying the silica network during processing can

be used to tune the properties of template-free monoliths in order to achieve desired optical

properties and thermal conductivity in scalable materials.
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CHAPTER 2
Exploring the Effect of Porous Structure on Thermal Conductivity in Templated

Mesoporous Silica Films

Chapter 2 describes our work to understand how the constituents of the silica network
(discrete nanoparticle-based vs. continuous sol-gel-based) could influence the thermal

conductivity of the network.

This chapter was reprinted with permission from Yan, Y.; King, S. C.; Li, M.; Galy, T.;
Marszewski, M.; Kang, J. S.; Pilon, L.; Hu, Y.; Tolbert, S. H. Exploring the Effect of Porous
Structure on Thermal Conductivity in Templated Mesoporous Silica Films. J. Phys. Chem. C 2019,

123 (35), 21721-21730. Copyright 2019 American Chemical Society.

A reprint of the supporting information is given in Appendix A.
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ABSTRACT: This work elucidates the effect of porous
structure on thermal conductivity of mesoporous amorphous
silica. Sol—gel and nanoparticle-based mesoporous amorphous
silica thin films were synthesized by evaporation-induced self-
assembly using either tetraethyl orthosilicate or premade silica
nanoparticles as the framework precursors with block
copolymers Pluronic P123 or Pluronic F127 as template.
The films were characterized with scanning- and transmission-
electron microscopy, two-dimensional grazing-incidence
small-angle X-ray scattering, ellipsometric porosimetry, and
UV—vis reflectance spectroscopy. The thermal conductivity of
the mesoporous films, at room temperature and in vacuum,

was measured by time-domain thermoreflectance. The films were 150 to 800 nm thick with porosities ranging from 9% to 69%.
Their pore diameters were between 3 and 19 nm, and their thermal conductivities varied between 0.07 and 0.66 W/m.K. The
thermal conductivity decreased strongly with increasing porosity and was also affected by the structure of the silica framework
(continuous or nanoparticulate) and the pore size. A simple porosity weighted effective medium approximation was used to
explain the observed trend in thermal conductivity. These results give new insight into thermal transport in nanostructured
materials, and suggest design rules of the nanoscale architecture to control the thermal conductivity of mesoporous materials for

a wide range of applications.

1. INTRODUCTION

Over the last few decades, mesoporous silica has been widely
studied due to its simple synthesis and easily controlled
structural properties. It is often used in a wide range of
applications including thermally insulating materials, low-k
dielectrics,”> MEMS,”* and window insulation.’ Mesoporous
silica is typically prepared by either template-free® ' or
template-assisted synthesis.''~'* In the template-free synthesis,
random porosity is created by controlled gelation of dissolved
molecular precursors and subsequent removal of the solvent. For
instance, silica aerogels, prepared by supercritical drying of silica
sol—gel without template, can reach porosities of 99%'> and
thermal conductivity of 0.013 W/m-K at room temperature and
atmospheric pressure.'® Similarly, silica ambigels can be
synthesized by drying template-free silica precursors at ambient
temperature and pressure. For example, Chang et al.'’”
synthesized hydrophobic mesoporous silica by ambient drying
and achieved a porosity of 97% and thermal conductivity of
0.034 W/m-K. However, due to high porosity and wide pore size

distribution, silica aerogels and ambigels often do not have
sufficient mechanical strength and/or optical transparency for a
number of potential thermal barrier applications.'®

By contrast, in template-assisted syntheses, the pores are
formed by controlled gelation of molecular precursors around a
template that is subsequently removed by physical or chemical
treatment. Common templates include inorganic hard tem-
plates,lg,lo 23—-26

preformed polymer colloids.

organic surfactants,”"** block copolymers, and

*72% In this approach, the pore
volume and the pore size are easily controlled by choosing the
amount and type of template so that pores can be kept small and
homogeneous and scattering can be minimized, if needed.
739 report a thermal conductivity of 0.3—0.35

W/m-K at a porosity of ~30% in templated porous silica.

Several studies
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Mesoporous silica has significantly lower thermal conductivity
than bulk silica for several reasons.>”*! First, the reduced volume
of the solid phase reduces the heat conduction pathways.
Second, the structural factors such as pore size and its
distribution can also contribute to reduction in thermal
conductivity of mesoporous silica, since the mean free path of
heat carriers can be suppressed due to the boundary scattering
near nanosized pores.”” > Finally, the interfacial resistance
between nanodomains can also further decrease the effective
thermal conductivity. Notably, the effects of these various
nanostructural factors on the thermal conductivity of meso-
porous silica has not been well documented to date.

Some examples of the existing data comes from Coquil et al,”
who reported the cross-plane thermal conductivity of highly
ordered cubic and hexagonal mesoporous amorphous silica thin
films synthesized by block copolymer templating methods. They
found that the average thermal conductivity was 0.3 W/mK for
silica films with cubic (3D interconnected) pore structure and
25% porosity and 0.2 W/mK for silica films with a hexagonal
pore structure (linear pores) and 44% porosity. They concluded
that the thermal conductivity decreases with increasing porosity
and is independent of film thickness. This previous work found
little variation with pore diameter and wall thickness, but the
mesoporous silica films explored in that study all had porosity
that fell in the relatively narrow range of 20—50%. More
importantly, films with different pore symmetries could not be
made with the same fractional porosity. Hopkins et al*
confirmed that mesoporous silica films prepared by templating
methods had low thermal conductivity of around 0.3 W/mK at
porosity around 25% percent, using time-domain thermore-
flectance technique. Fang et al.***” further compared thermal
conductivity of mesoporous crystalline TiO, films prepared by a
sol—gel synthesis and mesoporous TiO, films made from TiO,
nanocrystals. They showed that the thermal conductivity of
nanocrystal-based TiO, films was 40% lower than that of
mesoporous TiO, films prepared by a sol—gel synthesis. They
attributed these results to the facts that (1) the nanocrystal-
based films had additional microporosity between TiO,
nanocrystals, (2) the nanocrystals were smaller than the
polycrystalline domains in the sol—gel films, and (3) the poorly
connected nanocrystals caused significant phonon scattering at
the interfaces between nanocrystals. These examples show that
structural factors indeed play a significant role in heat transfer
though mesoporous materials. Since it has recently been
revealed from both experimental work and atomistic simulation
that some heat carriers in amorphous silica have propagating
features,”*” similar confinement phenomenon of heat carriers
may also exist in mesoporous silica, despite its amorphous
nature.

In this study, we further elucidate the effects of structural
factors on thermal conductivity of mesoporous amorphous silica
with specific emphasis on the effects of (1) porosity, (2) silica
nanotexture (i.e, continuous vs particulate frameworks), and
(3) pore size. A wide variety of sol—gel and nanoparticle-based
mesoporous amorphous silica thin films are synthesized and
characterized in terms of porosity, pore size, film thickness, and
thermal conductivity. The results are analyzed and compared to
the effective medium approximation model. Physical arguments
are provided to relate the thermal conductivity of mesoporous
silica to its nanoscale architecture.

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were obtained from
commercial suppliers and used without further purification:
colloidal suspension of SiO, nanoparticles (15 wt %, Nalco
2326, ammonia-stabilized colloidal silica, d = 5§ nm, Nalco
Chemical Company), triblock copolymer Pluronic P123
(EO,,PO,EO,y, M,, = 5800 Da, BASF), triblock copolymer
Pluronic F127 (EO,pPOgEO g0, M,, = 12600 Da, BASF),
tetraethyl orthosilicate (98%, Acros Organics), hydrochloric
acid (Certified ACS Plus, Fisher Scientific), and ethanol (200
proof, Rossville Gold Shield).

2.2. Synthesis. Both sol—gel and nanoparticle-based
mesoporous silica thin films were prepared by polymer
templated evaporation-induced self-assembly (Scheme 1).

Scheme 1. Synthesis of Sol-Gel and Nanoparticle-Based
Mesoporous Silica Films Produced via Evaporation Induced
Self-Assembly, Using Pluronic Surfactants as Template and
TEOS or Preformed Silica Nanoparticles as Inorganic
Precursors
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Tetraethyl orthosilicate (TEOS) was used as a silica precursor
for the sol—gel films while premade silica nanoparticles were
used as building blocks for the nanoparticle-based films. In both
instances, triblock copolymers Pluronic P123 or Pluronic F127
were used as the structure-directing agents. The solution
containing the precursors and the block copolymers was spin-
coated on a silicon substrate. Upon evaporation, the system self-
assembled into an organic—inorganic nanocomposite. Sub-
sequently, the nanocomposite films were calcined to remove the
block copolymer and develop the mesoporous structure.
Nanopatrticle-Based Mesoporous Silica Films. First, a stock
solution of polymer was made by dissolving 0.678 g of Pluronic
P123 or Pluronic F127 in 3 mL deionized water. The stock
polymer solution was then mixed with the colloidal suspension
of SiO, nanoparticles to produce a solution with polymer/SiO,
mass ratio ),/ Ms;0, between 0.1 and 3 g/g. Then, 80 uL of the
polymer—silica solution was spin-coated onto a 1 X 1 in* Si
substrates. The film’s thickness was adjusted by controlling the
spin speed. The dried films were calcined in air at 350 °C for 30
min using 2 °C/min temperature ramp to remove the polymer.
Nanoparticle-based silica powders were also synthesized from
the same solutions for heat capacity measurements. Instead of
spin-coating, these solutions were evaporated in a Petri dish at
ambient condition for 1 day and collected in powdered form
after calcination at 350 °C for 3 h in oxygen using a ramp rate of
5 °C/min for both heating and cooling. The powders were
calcined for a longer time than the films to fully remove all of the
polymer template from the micron scale grains of the powder
sample. Since the calcination was done at such a low
temperature, it is assumed that there was no significant
difference in silica structure of the films and the powders.



Sol—gel Based Mesoporous Silica Films. This method was
adapted from the literature.** First, 25 mg of Pluronic F127 or
Pluronic P123 was dissolved in 0.6 mL of ethanol and 0.16 mL of
0.05 M HCL A certain amount of tetraethyl orthosilicate
(TEOS) was added to the mixture to achieve a polymer to silica
mass ratio /Mg, between 0.1 and 3. Then, 80 uL of the
polymer—silica solution was spin-coated onto a 1 X 1 in* Si
substrates. The film thickness was adjusted by controlling the
spin speed. The dried films were calcined in air at 350 °C for 30
min using 2 °C/min temperature ramp to remove the polymer.
Sol—gel silica powders were made from the same solutions for
heat capacity measurements. Instead of spin-coating, the
solutions were evaporated in a Petri dish at ambient condition
for 1 day and collected in powdered form after calcination at 350
°C for 3 h in oxygen, again using a ramp rate of 5 °C/min for
both heating and cooling. Here again, the powders were calcined
for a longer time than the films to fully remove all of the polymer
template from the micron scale grains of the powder samples.
Since the calcination was done at such a low temperature, it is
assumed that there was no significant difference in silica
structure of the films and the powders.

2.3. Structural Characterization. Scanning Electron
Microscopy (SEM) images were obtained using a model
JEOL JSM-6700F field emission electron microscope with 5
kV accelerating voltage and secondary electron detector
configuration. Transmission Electron Microscopy (TEM)
images were obtained using a Technai G* TF20 High-
Resolution EM, CryoEM and CryoET (FEI) at an accelerating
voltage 200 kV and a TIETZ F415MP 16 megapixel 4k X 4k
CCD detector. Two-dimensional grazing incidence small-angle
X-ray scattering (2D-GISAXS) data were collected at the
Stanford Synchrotron Lightsource (SSRL) using beamlines 1—5
with a wavelength of 0.1033 nm operated at an X-ray energy of
12.002 keV with a sample-to-detector distance of 2.870 m using
a Rayonix-165 CCD detector. The data were then calibrated
using silver behenate and reduced using the Nika package from
Igor Pro.*!

Ellipsometric porosimetry was performed on a PS-1100
instrument from Semilab using toluene as the adsorbate at
ambient conditions to quantify porosity and pore size. The
instrument used a UV—vis CCD detector adapted to a grating
spectrograph to analyze the signal reflected by the sample. The
light source was a 75 W Hamamatsu xenon lamp and the
measurements were performed in the spectral range from 275—
990 nm. Data analysis was performed using the associated
Spectroscopic Ellipsometry Analyzer software assuming that the
pores were cylindrical.

An optical reflectance based method was also used to verify
the porosity and measure the film thickness. The experimental
spectral normal-hemispherical reflectance R.,, ; was measured
with a Shimadzu UV3101 PC UV—vis spectrophotometer
equipped with a Shimadzu ISR3000 integrating sphere. The
reference intensity was measured using a high specular reflection
standard mirror by Ocean Optics (NIST certified STAN-SSH).
The reflectance was measured in the visible range between 400
and 800 nm with a 1 nm spectral resolution. The porosity (¢)
was then evaluated using a Maxwell-Garnett model using the
refractive index (n,;) retrieved from the reflectance measure-
ment. The uncertainty of the retrieved porosity (A¢) was
evaluated using the equation:

2 2
A = [ﬂmm) +(%An@l)
dneff,l nc,/{

)

where the uncertainty of the refractive index of silica (An, ;) was
calculated to be twice the standard deviation of n_, given by the
Sellmeier formula over the 400—800 nm wavelength range.42
This was found to be (An,;) = 0.009 for all mesoporous silica
films. The uncertainty, Ang ), associated with the retrieved n.,
was found to be 0.003 for mesoporous silica films. Here, Arn.g, is
defined as the average absolute difference between the refractive
index used to predict the ideal spectral normal-hemispherical
reflectance and the refractive index retrieved from the noisy
normal-hemispherical reflectance.

2.4. Thermal Properties Characterization. Since the
thickness of these mesoporous silica films was less than 1 um,
only a few thermal characterization techniques are suitable,
including the 3w method”®* and time-domain thermore-
flectance (TDTR).>* Considering the simpler fabrication
processes and previously reported success of TDTR for
extremely porous silica aerogel,”® TDTR was used here for
systematically investigating thermal conductivity of the various
mesoporous silica films. Details of the TDTR setup are
presented in Scheme 2. The detailed working principles and

Scheme 2. Experimental Setup for the Time-Domain
Thermoreflectance (TDTR) Method Used for Thermal
Conductivity Measurement on Mesoporous Silica Films on Si
Substrate
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experimental setup can be found elsewhere.**** In brief, a thin

aluminum film (80 nm) was deposited by e-beam evaporation
on the top surface of the samples. This film served as both a
transducer to convert laser energy to thermal energy and a
temperature sensor. The absorbed energy from the pump beam
at 400 nm leads to an instantaneous temperature rise. The probe
beam at 800 nm wavelength was used to continuously detect
temperature decay by measuring reflectance using a photodiode.
The delay time between pump pulse and probe pulse can be
controlled with temporal resolution higher than subpicosecond.
Next, the full transient decay curve from —100 to 5000 ps was
fitted with a thermal diffusion model to obtain the thermal
effusivity of the sample, which can be related to the thermal
conductivity using the volumetric heat capacity.”* To account
for potential differences in the local thermal conductivity
induced by variations in the nanoscale random network of silica,
alarge laser spot size of 20 ym in diameter was used. Similarly, to
correct for the macroscale inhomogeneity of the mesoporous
films and to ensure the reliability of the thermal conductivity
data, TDTR measurements were repeated at 10 different
locations on a 1 X 1 cm? surface area of the sample. Before all
TDTR measurements, the samples were dehydrated by heating
on a hot plate at 150 °C for more than 12 h. The thermal
conductivity of the dehydrated samples was measured in a



vacuum chamber with pressure less than 1 Pa at room
temperature.

The specific heat capacity of the different mesoporous power
silica samples of different porosities was measured using a
Perkin-Elmer DSC 8000, a dual furnace differential scanning
calorimeter equipped with an IntraCooler. This method was
reported previously.*’ In brief, the samples were prepared in Al
pans with vented covers to facilitate water loss at high
temperatures. The specific heat capacity of each sample was
measured using a step scan isothermal method from 20 to 30 °C
with a § °C min™" scan and 1.§ min hold at every 1 °C interval.
The thermal conductivity of the films, k, was retrieved from the
thermal effusivity (e) obtained from TDTR and the ¢, obtained
from DSC using the equation:

Cu,eff (2)

Here, the volumetric heat capacity (C, ) is estimated using the
silica volume fraction (¢bg0, = 1 — ¢), the silica density (pgo,),
and the measured specific heat capacity (¢, g0,) of the silica

samples as shown in the following:*’
Cv,eff = ¢Si02pSiOZCP:SiOZ (3)

The relative uncertainty of the thermal conductivity was then
calculated as eq 4.

2

2

3 2
Ak _ [Aeesz) + Aqﬁsioz + Acp,eff
Ceff

Keff ¢Si02 Cp,eff ( 4)
Here, Ae%; was estimated as the standard deviation of a mean
value of ten measurements, A¢s;o, = A¢h, which was calculated

using the method described in Section 2.3, and Ac,.¢ was
calculated based on the standard deviation of eight measured
samples, four of which were nanoparticle-based and four of
which were sol—gel based, as shown in the Supporting
Information (SI) in Table SI.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. In this study, a wide
variety of mesoporous silica thin films with different frameworks,
porosities, and pore sizes were prepared to examine the effects of
the nanoscale architecture on their thermal conductivity. The
mesoporous silica thin films were prepared by evaporation
induced self-assembly as previously described (Scheme 1).
Different porosities, pore sizes, and wall thicknesses were
achieved by varying the mass ratio of triblock copolymer
template to silica.

Figure 1 shows typical SEM images of the sol—gel and
nanoparticle-based mesoporous silica films. All films had well-
developed mesoporosity with pore diameter ca. 10 nm
throughout the structure and a smooth crack-free surface. The
sol—gel based films displayed a more ordered porous structure
with a continuous silica framework (Figure 1a) while the
nanoparticle-based films had somewhat disordered pores and
visible boundaries between the silica nanoparticles (Figure 1b).

To examine the local structure of the pore walls, we turn to
transmission electron microscopy. Figure 2 shows TEM images
of sol—gel and nanoparticle-based mesoporous silica films to
illustrate the difference in frameworks between the two types of
mesoporous materials. In the sol—gel mesoporous film (Figure

Top surface

substrate

Figure 1. Typical scanning electron microscope images of mesoporous
silica films. (a) Sol—gel based and (b) nanoparticle-based mesoporous
silica films. (c) Zoomed in SEM of a cross-sectional of a razor blade cut
in a nanoparticle-based mesoporous silica film showing homogeneous
porosity through the film. (d) Zoomed out SEM of a mesoporous silica
film on top of a Si substrate. Similar smooth, crack-free surfaces are
observed for both sol—gel and nanoparticle-based silica films.

Figure 2. Transmission electron microscopy images of F127 templated
(a) sol—gel and (b) nanoparticle-based mesoporous silica films. The
images clearly show that the sol—gel network is continuously
connected, while the nanoparticle-based films are composed of
individual nanoparticles overlapping each other.

2a), the silica exists in a continuous molecular network where
the wall thickness is fairly uniform and determined by both the
pore size and porosity. In the nanoparticle-based film (Figure
2b), by contrast, individual silica nanoparticles are connected



and partially fused, with walls formed by one or multiple stacked
nanoparticles.

Two-dimensional grazing-incidence small-angle X-ray scatter-
ing (2D-GISAXS) measurements were used to examine the
mesoporous structure of the prepared films. Figure 3a and b
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Figure 3. Small angle X-ray scattering of sol—gel (SG) and
nanoparticle-based (NP) mesoporous silica films. A representative
2D-GISAXS pattern of a nanoparticle-based (a) and sol—gel based (b)
mesoporous silica film. (c) Integrated intensity patterns converted from
the 2D-GISAXS pattern along the g,- and g,-directions corresponding
to in-plane and out-of-plane scattering for a typical sol—gel and
nanoparticle-based films. (d) In-plane distance as a function of porosity
and (e) ratio of in-plane distance/out-of-plane distance as a function of
porosity for F127-templated sol—gel (SG) and nanoparticle-based
(NP) films.

shows a representative 2D-GISAXS pattern of mesoporous
nanoparticle based and sol—gel silica thin films, respectively.
The diffraction arc along the q,- and g,- directions indicate that
the films had ordered porosity both in the plane of the substrate
and perpendicular to it. Figure 3b shows the integrated spectra
from the 2D-GISAXS pattern of Figure 3a and b in both the in-
plane (parallel to the substrate, q,) and out-of-plane
(perpendicular to the substrate, g,) directions. Both in-plane
and out-of-plane 2D-GISAXS featured a single diffraction peak
indicating partly disordered porosity. These observations are
consistent with the SEM images of the films (Figure 1). The in-
plane diffraction peaks of both sol—gel and nanoparticle-based
films had an intensity greater than twice that of the out-of-plane
diffraction peak. This was due to the limited film thickness
(<800 nm), which resulted in fewer scattering unit cells in the
direction perpendicular to the substrate.

Film shrinkage during heat treatment could be seen by the fact
that the in-plane scattering peak was at lower q than the out-of-
plane peak. Since q = 27/d, the interplane spacing d between
repeating unit cells of mesopores along the direction
perpendicular to the substrate was shorter than that in the
direction parallel to the substrate. This indicates that during heat
treatment the film shrank more in the direction perpendicular to
the substrate than in the in-plane direction, which was pinned to
the substrate, assuming that the as-synthesized film originally
had isotropic pore spacing in all directions. The in-plane
diffraction peak was observed in nearly all samples, while the
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out-of-plane diffraction peak was missing for samples with ./
Moy > 2 and Mg, /Mgio, < 0.4. For my,./mgo, > 2, the pores
along the direction perpendicular to the substrate experienced
extreme shrinkage during heat treatment due to the high
porosity obtained for large m,,/mgo, ratios. This extreme
shrinkage destroyed the order along the q,-direction resulting in
the featureless 2D-GISAXS. On the other hand, for my,;,/mg;o,
< 0.4, the films were progressively thinner, with less repeat units,
resulting in broader and weaker out-of-plane diffraction peak,
until its complete disappearance.

Figure 3d compares the in-plane spacing, d;, 1., calculated
from the position of the in-plane diffraction peak for F127-
templated sol—gel and nanoparticle-based mesoporous SiO,
films with different porosities. The in-plane spacing, iy piane
increased almost linearly with the porosity for both sol—gel and
nanoparticle-based films, which indicates that the pores, and
likely the pore walls, grew larger with the increasing porosity.
However, sol—gel and nanoparticle-based mesoporous silica
films displayed different values and trends in the di, ./
Aout-of-plane Tati0 as a function of porosity as shown in Figure 3e. In
sol—gel based films, d;,/d,, ratio increased as porosity
increased, as the films with higher porosity shrank more in the
perpendicular direction to the substrate, leading to a smaller d, .
However, in nanoparticle-based films, the d,/d,, ratio was
relatively independent of porosity, likely because the preformed
nanoparticle-based network underwent less shrinkage. Overall
the di,/d, ratios at all porosities were higher in sol—gel based
films than those in nanoparticle-based films due to the difference
in shrinkage perpendicular to the substrate.

The porosity and pore size were further analyzed by
ellipsometric porosimetry using toluene as an adsorbate.’’
Figure 4 shows adsorption/desorption isotherms and pore size
distribution for sol—gel (Figure 4a) and nanoparticle-based
(Figure 4b) silica films templated with Pluronic P123 for Moly/
Mg, = 1.5. Both isotherms were of type IV with H2(b)
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imetry using toluene as the adsorbate at ambient conditions for (a) sol—
gel and (b) nanoparticle-based silica thin films synthesized witha 1.5 g/
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hysteresis loops according to the TUPAC classification.”"”*” Type
IV isotherms demonstrate the presence of mesopores, with
H2(b) hysteresis loops indicating a complex pore structure with
some pore blocking.”> The steep adsorption increase at high
relative pressures, corresponding to capillary condensation in
mesopores, suggests a fairly narrow pore size distribution.** This
is consistent with the 2D-GISAXS patterns in Figure 3a and b,
which indicate some periodicity in the samples, similar to more
ordered counterparts such as the F127 templated cubic FDU-12
and P123 templated hexagonal SBA-15.”>*%° For these ordered
materials, the derivative of the adsorption curve is often
associated with the size of pore cages, while the desorption
curve reports on constrictions or neck in the pores, but
necessarily with less quantitative size information.”® Both films
had similar porosity (~65%) and similar adsorption pore sizes
(10—14 nm). The sol—gel film also displayed a step in the
isotherm at lower pressure (P/P, = 0.15) that was not present in
the nanoparticle-based films. The step corresponds to micro-
pores with diameter ~3 nm created inside the mesopore walls by
the block copolymer chains.>*”

Figure Sa and b summarizes the dependence of porosity on
the polymer to silica mass ratio (mpoly/ Mgioy) in sol—gel and
nanoparticle-based mesoporous silica films, respectively. The
porosity in both sol—gel and nanoparticle-based films gradually
increased up to 70% with increasing amount of polymer up to
mass ratios m,/Mgo, > 2. Further increase in mq,/Mgio,
resulted in more shrinkage during heating instead of higher
porosity. The sol—gel based silica system displays a wide range
of porosity from 0% to 70% as any amount of polymer beyond
the critical micelle concentration produced porosity in the final
film. By contrast, the porosity of the nanoparticle-based films
featured a lower limit around 35% due to the intrinsic porosity
between randomly packed nanoparticles.

The average pore diameter of mesoporous silica films also
increased with the increasing 1),/ Mg, as shown in Figure Sc.
This was in agreement with the increasing dy, ;e Spacing
observed in the SAXS data. In addition, the average pore
diameter was slightly larger in films templated with Pluronic
F127 than in those templated with Pluronic P123, for a given
Mot/ M0z Tatio. This was due to the larger molecular weight of
Pluronic F127 (M,, = 12700 Da) compared to Pluronic P123
(M,, = 5800 Da). We note that although the pore sizes for both
sol—gel and nanoparticle-based films made from the same
polymer template are similar at a given porosity, the distribution
of wall thicknesses between the pores is not necessarily the same,
since the precursors are different. Interestingly, despite the fact
that the porosity no longer changed for m,,.,/mg0, > 2 g/g, the
average pore size continues to increase. Table S2 summarizes the
porosity and film thickness of the various mesoporous silica thin
films investigated in this work.

3.2. Thermal Conductivity Measurements. The key goal
of this work is to correlate pore structure with thermal
conductivity, and so in this section, we relate these various
structural properties to the thermal conductivity, as measured by
TDTR. Thermal conductivity data measured under vacuum is
presented in Figure 6 below and listed in Table S2. Further
discussion of this data and the trends can be found below.

Previous studies on thermal transport in mesoporous silica
mostly focused on a narrow range of porosity.””*° Here, the
thermal conductivity of mesoporous silica with a wide range of
porosity was systematically studied. We also report, for the first
time, the thermal conductivity of nanoparticle-based meso-
porous silica films. Figure 6 shows the thermal conductivity as a
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Figure 6. Thermal conductivity as a function of porosity for F127 and
P123 templated (a) sol—gel (SG) silica and (b) nanoparticle-based
(NP) silica mesoporous films measured under vacuum. No clear trends
with the type of template used are observed, but there is a strong
variation in thermal conductivity with porosity.

function of porosity for both sol—gel based (Figure 6a) and

nanoparticle-based (Figure 6b) mesoporous silica films. As



expected, the thermal conductivity decreased with increasing
porosity,w’57 and thermal conductivities below 0.1 W/mK were
achieved in both sol—gel and nanoparticle-based silica
mesoporous films with porosities larger than 60%. Figure 6
also shows a stronger dependence of the thermal conductivity on
the porosity in sol—gel mesoporous silica films compared with
nanoparticle-based films, an observation that will be discussed
further below.

In these amorphous porous materials, the heat is carried by
nonpropagating vibrational modes whose coherent lengths
should be much smaller than the silica wall thickness. In this
case, an effective medium approximation (EMA) can be used to
model the effect of porosity.”® Figure 7 plots the thermal
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Figure 7. Thermal conductivity as a function of porosity for Pluronic
F127 templated sol—gel silica films measured under vacuum, compared
with a range of data for mesoporous silica reported in the
literature”>**7%° and several commonly used EMAs. Only the
PWSM model accurately described the trends in the data.

conductivity of F127-templated sol—gel based mesoporous
silica together with that of dense silica,”” hydrogen-silsesquiox-
ane (HSQ),*® cubic and hexagonal mesoporous silica,® silica
xerogel,7 silica aerogel,60 as well as predictions from several
EMAs for the effective thermal conductivity of two phase
media.®" It is interesting to note that the thermal conductivity of
the present mesoporous silica follows a similar porosity
dependency to those previously reported despite major
differences in synthesis and nanoscale architecture.

To understand the strong porosity dependence of the thermal
conductivity, we first compared our data with EMAs based on
classic heat conduction theory. For example, Russell’s model was
used for predicting the effective thermal conductivity . of bulk
materials with spherical pores and is expressed as follows:*>

(1-¢"
(1= +d) )

where ¢, is the porosity and ko, is the thermal conductivity of

Russell’s model k. = Kg0,

bulk silica. However, this prediction strongly overestimated the
thermal conductivity of the different mesoporous silica, likely
due to the major difference in morphology. The Clausius-
Mossotti (CM) model and differential-effective-medium
(DEM) theory have also been applied to predict the effective
thermal conductivity of porous solid with ordered arrangement
of identical pores®® and are expressed as follows:

(1= )

CM model Kegr = KSiozm
~p

(6)
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DEM model kg = Ko, (1 = ¢) )

Unfortunately, both of these EMAs failed to capture the
porosity dependence. Possible reasons include the fact that they
ignore the pore shape, pore size, and the physical mechanisms
responsible for energy transport in amorphous silica. Another
model, which combines the classical series model with a parallel
model kg = Kgo,(1 — gbp), called porosity weighted simple
medium (PWSM) model has also been used to account for the
porous structural parameters by using a fitting parameter x5
Considering the disperse phase in the pores to be vacuum, the
PWSM simplifies to the following:*°

PWSM model k¢ = KSiOZ(l - (/%)(1 — (ﬁpx) (8)

Fitting the PWSM to our experimental measurements on
F127-templated sol—gel films yielded x = 0.21, which is slightly
larger than the value of x = 0.17 reported by Coquil et al.>” The
difference is likely due to the narrower range of porosity in the
previous work (25—45%) compared to the present study (10—
60%). Although it is difficult to physically interpret the meaning
of x, this model is useful in predicting the thermal conductivity of
mesoporous silica in the porosity range 10—60%.

The effects of solid framework morphology on the thermal
transport in mesoporous silica was also explored by comparing
the thermal conductivity of sol—gel and nanoparticle-based
mesoporous silica films. For crystalline titania, these two
morphologies showed very different results,” so it is interesting
to see how they compare in an amorphous material like silica. As

shown in Figure 8, although both kinds of mesoporous films
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Figure 8. Thermal conductivity as a function of porosity for Pluronic
surfactant templated sol—gel (SG) and nanoparticle-based (NP)
mesoporous silica films measured under vacuum and fitted with the
PWSM model. While both films show decreasing thermal conductivity
with increasing porosity, the porosity dependence is influenced by the
nanoscale architecture of the film.

feature decreasing thermal conductivity with increasing
porosity, there are some observable differences. Near the
lower porosity limit (~35%), the thermal conductivity of
nanoparticle-based silica films was about 30% higher than that of
sol—gel based films. However, for porosity above 45%, the
difference in thermal conductivity between these two types of
mesoporous frameworks became negligible. The PWSM model
was fitted for each type of mesoporous silica thin films yielding x
= 0.21 for sol—gel and x = 0.33 for nanoparticle-based silica
mesoporous films. This suggests that the nanoparticle-based
films offer more through-plane heat conduction pathways than



the sol—gel films. In nanoparticle-based films, the size of the
connections between nanoparticles should be mainly deter-
mined by the diameter of each silica nanoparticle and thus
should be porosity independent. Since the size of the
nanoparticles is uniform throughout the network, the heat
conduction has equal probability to go along all joined
nanoparticle chains, as modeled by the parallel model. In
contrast, the sol—gel mesoporous films feature thin necks whose
size decreases with decreasing pore size. The thin necks in the
sol—gel networks should contribute significantly to the thermal
resistance, resulting in low thermal conductivity in sol—gel
mesoporous silica films at lower porosity.

Moreover, Figure 6a indicates that sol—gel based Pluronic
F127-templated mesoporous silica films had a slightly higher
thermal conductivity than those templated with P123. Since
Pluronic F127 forms bigger micelles due its larger molecular
weight, it typically forms larger pores. This suggests that sol—gel
based silica films with smaller pore size have lower thermal
conductivity. For a given porosity, smaller pore size is associated
with thinner wall and thus should result in more scattering
events for heat carriers at the boundaries of those walls. In
contrast, nanoparticle-based silica films showed almost no effect
of pore size on the thermal conductivity. This is most likely due
to the fact that in the nanoparticle-based framework, scattering
of heat carriers is dominated by the colloidal building blocks,
rather than by the thickness of the walls.

4. CONCLUSIONS

This work presented synthesis, characterization, and cross-plane
thermal conductivity measurements at room temperature of
sol—gel and nanoparticle-based mesoporous amorphous silica
thin films with various thicknesses, pore sizes, and porosities.
The following conclusions can be drawn from the data presented
here:

(1) Porosity plays a dominant role in lowering the thermal
conductivity in both sol—gel and nanoparticle-based
mesoporous silica films. The thermal conductivity
depends nonlinearly on porosity. The average thermal
conductivity of mesoporous silica films with porosity of
60% was measured as 0.1 + 0.03 W/m-K at room
temperature.

2

~

The building block of the porous framework affects how
thermal conductivity changes with porosity, with sol—gel
films showing a steeper dependence on porosity than
nanoparticle based films.

(3) For a given porosity, the thermal conductivity of sol—gel
mesoporous silica decreases with decreasing pore size.
This is likely due to thinner walls associated with smaller
pores resulting in stronger scattering of heat carriers. The
pore size has little effect on the thermal conductivity of
nanoparticle-based mesoporous silica films, however,
likely because the mean free path for thermal carriers is
dominated by the nanoparticle itself, rather than the pore

size.

Taken together, these results begin to paint a fuller picture of
the roles of pore size, wall thickness, total porosity, and pore
structure in determining the thermal conductivity of homoge-
neous, templated mesoporous silica materials.
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CHAPTER 3
Controlling Thermal Conductivity in Mesoporous Silica Films Using Pore Size and

Nanoscale Architecture

Chapter 3 describes our work to understand the thickness of the silica may influence the
thermal conductivity of a silica network. The silica walls were made from either discrete

nanoparticles or continuous sol-gel walls.

This chapter was reprinted with permission from Yan, Y.; Li, M.; King, S.; Galy, T.;
Marszewski, M.; Kang, J. S.; Pilon, L.; Hu, Y.; Tolbert, S. H. Controlling Thermal Conductivity
in Mesoporous Silica Films Using Pore Size and Nanoscale Architecture. J. Phys. Chem. Lett.

2020, 11 (9), 3731-3737. Copyright 2020 American Chemical Society.

A reprint of the supporting information is given in Appendix B.
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Controlling Thermal Conductivity in Mesoporous Silica Films Using

Pore Size and Nanoscale Architecture

Yan Yan, Man Li, Sophia King, Tiphaine Galy, Michal Marszewski, Joon Sang Kang, Laurent Pilon,

Yongjie Hu, and Sarah H. Tolbert*

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,
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

¢tivity' innanoparticle-
silica independent of

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'"**~"7 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
(MFPs) 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
2% 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)'O’Z'33 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 samgle (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/Py = 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
35 nm PMMA 71+1 4+3 30 £ 10 25+ 6 0.098 + 0.00S
F127 3 +1 - 11+2 7+1 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+5S 0.21 £+ 0.02
70 nm PMMA 49+ 1 S+3 74 +£9 38 + 1§ 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 15 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 g 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/g,
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 2e,f 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



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

Different Templates

template porosity (%)  pore diameter (nm)
P123 S9O+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+ 5
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

unit cell repeating distance (nm)

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

S+1 0.081 + 0.006
3+1 0.096 + 0.009
16 + 6 0.21 + 0.01
7£S 0.157 + 0.008
8+2 0.24 + 0.01
13+7 0.29 + 0.02
2+1 031 + 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 myg,/mgo, 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 S 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 $ 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 porosity had been previously observed
in porous crystals.””~*" In crystals, the heat is carried by
traveling phonons with a certain distribution of phonon MFEPs.
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 MEPs can be significant when the pore size is about
1 pum, because the intrinsic MFPs of a substantial portion of
phonons can exceed 1 pum.'"* 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”

Kt = Ksio,(1 = ¢)(1 = &) Q)

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



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.27 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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The Supporting Information is available free of charge at
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Details of synthesis, structural characterization, and
thermal conductivity measurement; TEM images for
nanoparticle-based films; 2D-GISAXS data for SG-based
mesoporous silica films; thermal conductivity vs porosity
curves for sol—gel-based samples fit using an alternative
model (PDF)
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CHAPTER 4
Understanding the Effect of Nanoparticle Size on the Thermal Conductivity in Amorphous

Materials

In this work we examine the effect of nanoparticle size on the thermal conductivity of mesoporous
silica material made from colloidal precursors. Porous thin films were synthesized using a polymer
templating technique, employing commercial colloidal silica solutions containing nanoparticles 6, 9,
and 22 nm in diameter as the silica source, and PMMA colloids as the template. The ratio of polymer
to silica was then varied to produce films with a range of porosities. The thermal conductivities of
the films were measured using time domain thermal reflectance (TDTR), revealing that for the
particle sizes studied, there was a weak dependence of thermal conductivity on particle size. This
weak dependence was assigned to 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.
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The study of thermal transport is integral to the development of effective materials for circuitry,
thermoelectrics, and energy conservation.’® One class of materials of interest in such fields is
thermally insulating materials, leading to the exploration of strategies for lowering thermal
conductivity.258° Nanostructuring has been shown to offer an easy route to reduce thermal
conductivity due to the variety of structural parameters that can be tuned on the nanoscale.”® 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.®>* Pores lower the
effective thermal conductivity by both reducing the effective density, which decreases heat carrier
transport, and by increasing internal surfaces that scatter heat carriers.}*'8 However, increasing
the porosity of such materials limits their possible applications, since the low density often makes
these materials fragile and opaque. As a result, identifying other factors that could decrease thermal

conductivity would open up new avenues in the design of insulating materials.

In crystalline materials, particle size effects have been harnessed an effective strategy to tune
thermal conductivity. Heat carrier propagate in these materials in the form of lattice vibrations
called phonons.”1® On scales smaller than the phonon mean free path, phonon transport, and
therefore thermal conductivity, has been shown to decrease with decreasing feature size.2"8-2! In
amorphous materials, however, the influence of feature size on the thermal conductivity is less
understood.?? 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 networks.*®1723 Thus, prevailing theory suggests that heat
transfer in amorphous materials is too disordered for any size effects to exist.!® However, Gao, T.
and Jelle, B. P. calculated the intrinsic solid-state thermal conductivity of silica nanoparticles as a

function of particle size and found a weak size effect in the thermal conductivity.!® In addition,
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Yan, Y. et al. recently examined the effect of pore wall thickness on thermal conductivity for
amorphous mesoporous silica thin films made from a sol—gel precursor as well as from a
commercial nanoparticle precursor.! There, they found that for a given porosity in a continuous
sol—qgel-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 nanoparticles making up the walls were the same size, and those nanoparticle-building block
were the key size-determining unit, not the overall wall thickness. 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.

Using a template-assisted technique, combined with three sizes of commercially obtained silica
colloids for the silica framework, we synthesized porous, nanoparticle-based silica thin films. The
precursors used and their sizes are depicted in Figure 4.1. The diameters of the commercial silica
colloids were 6 £ 1 nm, 9 + 2 nm and 22 + 2 nm, here called NP6, NP9, and NP22, respectively.
All silica nanoparticles were reasonably monodisperse, but as the particle size increased,
polydispersity also increased. This is observed in Figure 4.1 as an increase in the bredth of the
histograms going from NP6 (Figure 4.1(b)) to NP9 (Figure 4.1(d)) to NP22 (Figure 4.1(f)). The
silica colloids were combined with in-house synthesized PMMA colloids that served as the
polymer template. The PMMA colloids had a diameter of 62 + 7 nm, as depicted in the SEM
(Figure 4.1(g)) and the histogram of the measured diameters (Figure 4.1(h)). Porosity was tuned
by varying the ratio of polymer template to silica precursor. Solutions of the silica and PMMA
colloids were spin-coated to produce smooth films, calcined to remove the polymer template, and

measured using time domain thermoreflectance (TDTR) to obtain the thermal conductivity.
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Figure 4.1. Electron microscope images and size analysis of the precursor solutions used to
make the mesoporous silica films. Transmission electron micrographs (a), (c), (¢) and
histograms of nanoparticle diameter distributions (b), (d), (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 (g) and histogram of the measured diameters of the PMMA colloids used
as the polymer template.
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Figure 4.2. Characterization of the commercial 6 + 1 nm silica (NP6) particles stabilized with
Li* (as purchased) and NH4* (ion-exchanged). TEM images depict the Li*- stabilized (a), and
the ion-exchanged NH4*-stabilized (d) 6 nm silica nanoparticles. Histograms are used to
quantify the measured diameters of the Li*- stabilized (b), and the ion-exchanged NHa*-
stabilized (e) 6 nm silica nanoparticles, showing that the size distributions are 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 is similar. Thermal conductivity as a function of porosity
for the Li*- stabilized and the ion-exchanged NH4*-stabilized 6 nm silica nanoparticles shows
that the counter-ion does affects the thermal conductivity of the samples, with ammonium
counterions producing lower thermal conductivity.

28



As purchased, the NP9 and NP22 commercial silica colloids are both stabilized with NH4*
counter-ions, but the NP6 solution is stabilized with Li*. To ensure that possible differences in
thermal conductivity result from differences in nanoparticle size rather than counter-ion, the Li*
stabilizing the NP6 solution was exchanged to NH4" using a batch ion exchange process, as
described in the Supporting Information. Figure 4.2 shows the basic characterization of the Li*-
and NH4"-stabilized NP6 solutions and resulting films. The nanoparticles have approximately the
same diameters, as is observed in the TEM images in Figures 4.2(a) and 4.2(d) and the histograms
of the measured diameters in Figures 4.2(b) and 4.2(e). High magnification SEM images of the
samples, templated with the triblock copolymer F127 (Figures 4.2(c) and 4.2(f)), show that
exchanging the cation does not affect the porous structure of the films. When we examine the
thermal conductivity of a small sample set of films made from the Li*- and NH4"-stabilized
nanoparticles, however, we see that the films made from the NH4*-stabilized colloids have overall
lower thermal conductivities than those made from the Li*-stabilized colloids. We hypothesize that
this difference is due to the fact that the NH4" salt is volatile at the temperatures used for film
calcination while the Li* salt does not evaporate and thus should remain in the film and may
contribute to the thermal conductivity. Therefore, to ensure that the counter-ion does not affect the

measured thermal conductivity of the samples, only NH4*-stabilized silica colloids were used.
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Figure 4.3. Structural characterization of porous samples made with silica colloids of different
sizes, showing the range of porosities used. (a)-(c) Low magnification scanning electron
micrographs of PMMA template silica films made from commercial colloidal silica solutions
with colloid sizes of (a) 6 £ 1 nm, (b) 9 + 2 nm and (c) 22 = 2 nm. These low magnification
images show that the pores are well distributed in the silica network. (d)-(f) High magnification
scanning electron micrographs of PMMA template silica films made from commercial colloidal
silica solutions with colloid sizes of (d) 6 £ 1 nm, (e) 9 + 2 nm and (f) 22 + 2 nm. The individual
nanoparticles can be observed as the diameter of the nanoparticles increases. (g) Normalized
number-weighted pore size distributions (PSD) 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 a 1 g/g PMMA/silica ratio. The pore
widths between 0 and 20 nm are from intrinsic gaps between the particles while those above 50
nm are due to the polymer templating. (h) Porosities of PMMA templated films used in this
study obtained from optical interferometry.
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The silica and PMMA colloids were combined in PMMAV/silica (g/g) ratios ranging from 0.6
to 1.2 to produce smooth, crack free films with varying porosities. The porous structure of the
samples was characterized as shown in Figure 4.3. From the SEM images in Figures 4.3(a) to
4.3(f), we can clearly see the porous structure of representative films made from the NP6, NP9,
and NP22 silica colloids. The lower magnification images, Figures 4.3(a) to 4.3(c), show that the
films produced are smooth and homogenous with pores well distributed in the network. We also
observe that the pore sizes for all samples are approximately the same, which is expected as the
same PMMA template was used to make all films. In the higher magnification SEM images,
Figures 4.3(d) to 4.3(f), we see that the silica colloids that constitute each network are of different
sizes and that as the size of the colloids increases, the ability to resolve the individual particles
increases as well. Pore size was characterized by nitrogen porosimetry conducted at 77 K. Figure
4.3(g) shows the pore size distribution of representative porous powder samples made from each
colloid solution at a 1 g/g PMMA/silica ratio. From the pore size distributions in Figure 4.3(g) we
see that each sample has two distinct pore sizes. The first pore size is due to the intrinsic gaps
between the nanoparticles. This gap size increases from5+3nmto 8 + 3 nmto 11 £ 5 nm as the
nanoparticle size increases from 6 nm to 9 nm to 22 nm, respectively. There is a second pore size
observed at approximately 80 nm due to the PMMA templated pores. This pore size distribution
is 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 4.3(g), are complex.
According to the IUPAC classification,?*?° the general shape of the nitrogen adsorption-desorption
isotherms at relative pressure less than 0.9 resembles that of a Type 1V (a) isotherm with an H2(b)
hysteresis loop. Such isotherms are typical of mesoporous materials with fairly narrow pore size

distributions with pores connected by narrow necks. This hysteresis is due to the intrinsic gap
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between the nanoparticles. Above a relative pressure of 0.9, the volume of nitrogen absorbed does
not plateau as is typical of mesoporous samples. Instead, there is 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 increases, there is an increase in relative pressure where
the volume of adsorbed nitrogen increases, resulting in the observed trend of increasing pore size.
Since the pores created by the PMMA colloids are just outside the range that can be accurately
determined by nitrogen porosimetry, the total porosity measured on the colloidal powders using
nitrogen adsorption is not necessarily and accurate description of the total porosity of the films.
As such, 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.?® From the retrieved porosities depicted in Figure 4.3(h) we see that, in
general, the porosity of the films increases as the ratio of PMMAV/silica increases. The samples
made from the NP6 and NP9 colloids have similar porosities while those made from the NP22
colloids have significantly greater porosities. This increased porosity for the larger colloids is most

likely due to the larger intrinsic gaps between colloids in these samples.
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Figure 4.4. Porosity-dependent effective thermal conductivity of silica nanoparticle-based,
PMMA templated films silica films made from 6 + 1, 9 + 2 and 22 = 2 nm silica nanoparticles
fitted with Equation 3. All films were dried under vacuum at 150 °C before the thermal
conductivity measurements conducted to remove and adsorbed water.

The effective thermal conductivity of the PMMA-templated films as a function of porosity
is plotted in Figure 4.4. The thermal conductivity seems to mostly trend with porosity, with a subtle
increase as the particle size increases. In our previous work,! we observed a very distinct increase
in the porosity-dependent thermal conductivity when the thickness of the continuous, molecular-
based silica walls forming around the pores was increased from ~2 nm up to ~25 nm. This led us

to hypothesize that such a distinct difference in porosity-dependent thermal conductivity would
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also occur if the walls were made of nanoparticles with different diameters. However, a large
change was not observed in the present study, and only small differences were observed. We
believe that this was due to our inability to acquire nanoparticles with diameters closer to the mean
free path-length of heat carriers in amorphous silica (c.a. 1 nm) and study size effects with such

particles.?’

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 Li?® to predict the thermal
conductivity of individual semiconductor nanowires and nanoparticles, as well as dense thin films.
Gao and Jelle!® showed that this model gives good predictions for amorphous silica nanoparticles.

The model is given by

22— pexp (— ). [exp (%)]3/2 )

Ksio,

where K, is the effective thermal conductivity of the nanomaterial (in our case, the silica
nanoparticles). 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 synthesized
nanoparticles was reported as approximately 0.4.2%2° Here, [, is the phonon mean free path of silica
at room temperature; d is the nanoparticle diameter; « = 1 + 2SV/3R is a material constant that

depends on the universal gas constant, R = 8.31451 J mol™* K, and on the bulk vibrational entropy
(SV = Hm/T - R), where H,,,= 9580 J mol™* and T,, = 1986 K are the melting enthalpy and the

melting temperature, respectively.®® Finally, L, is a critical size at which all atoms are located at
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the surface of the nanomaterial and is given by Ly = 2(3 — 8)w, where S is a dimension parameter

(8 =0 for nanoparticles) and w is the interatomic distance (w = 0.16 nm for Si-O bonds).%

The effective thermal conductivity of our mesoporous thin films with porosity gbp was

predicted using Russell’s model,®? which is used for predicting the thermal conductivity of bulk

material with spherical pores and is given by

2
(-4,")
Keff = Ksio, (1_¢p253+¢p)- (2)
The particle thermal conductivity was then predicted by Equation (1) so that
— 2/3 3
Keff __ (1 bp ) o 1-a /2
Ksio, - (1_¢p2/3+¢p>p exp( L) [exp (L/Lo—l)] ) (3)

Applying Equation (3) to the films made with the different nanoparticle sizes yields the predictions
shown in Figure 4.4 for each particle diameter. Through least square fitting, the data was best
described using a mean free path [, = 0.42 nm and a particle roughness p = 0.44. These fits are

shown in Figure 4.4.

We can compare the phonon mean free path [, described by Equation (3) to the value

determined by the kinetic theory. The kinetic theory relates the thermal conductivity of bulk silica

Ksio, t0 the phonon mean free path [, such that kg, viy. 2" Here, Psio, is the

=1

N 3p5i026v,5i02
density of silica (= 2200 kg m?),% Cy,si0, 1S our previously measured specific heat capacity at
constant volume (= 750 J kg K1),13* and v is the average sound velocity in the material, obtained

from the longitudinal v; and transversal v, wave vectors given by v = gvl + %vt, with v; = 5968

m st and v, = 3764 x m s71.3 From this kinetic model, a phonon mean free path of I, = 0.57 nm
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in bulk silica (kg;0,= 1.4 W m™ K1) was retrieved, which agrees reasonably well with the value of
lo = 0.42 nm that was obtained from Equation (3). We also note that the values of [, = 0.42 nm
and p = 0.44 are similar to those calculated by Gao and Jelle!® for individual amorphous silica

nanoparticles, [, =0.59 nmand p = 0.4.

The mean free path [, retrieved is 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 decreases is not due to heat carrier confinement. Rather, as the diameters of the
particles become smaller, the number of particles that make up the wall increases, as does the
number of interfaces that are responsible for scattering heat carriers. Therefore, the decrease in
thermal conductivity may be due an increase in interfacial propagon scattering, which may also be
partly responsible for the size-dependent thermal conductivity previously observed in pore walls.?
As such, these results indicate that unless extremely small structures can be fabricated, the best
way to reduce thermal conductivity is by maximizing the interfaces for heat scattering. This can
be done through the use of smaller particles, thin walls, or novel materials like hollow shells or
core-shell nanoparticles. Importantly, unless extremely small structures can be produced, size
effects alone appear not to be a good method to lower thermal conductivity in nanoporous materials

built from amorphous building blocks.

Conclusions
This work studies 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 the number of interfacial scattering centers. The
mean free path for heat carriers extracted from the measured thermal conductivity as a function of

porosity across a range silica colloid sizes was in reasonable agreement with previous
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measurements for bulk amorphous silica. As such, these results indicate that size effects are not an

effective way to lower that thermal conductivity in amorphous silica materials unless very small

size can be reached. The better way to design low thermal conductivity materials is to maximize

the number of heat scattering interfaces. This work thus adds to our growing understanding of the

effect of structure on heat transport in amorphous, nanoporous systems.
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CHAPTER 5
Examining the Role of Atomic Scale Heterogeneity on the Thermal Conductivity of

Transparent, Thermally Insulating, Mesoporous Silica-Titania Thin Films

Chapter 5 describes our work exploring the effect of nanoscale homogeneity of a mixed

silica-titania mesoporous network.

This chapter was reprinted with permission from King, S. C.; Li, M.; Galy, T.; Yan, Y.;
Kang, J. S.; Basile, V. M.; Li, Y. L.; Marszewski, M.; Pilon, L.; Hu, Y.; et al. Examining the Role
of Atomic Scale Heterogeneity on the Thermal Conductivity of Transparent, Thermally Insulating,
Mesoporous Silica—Titania Thin Films. J. Phys. Chem. C 2020, 124 (50), 27442-27452.

Copyright 2020 American Chemical Society.

A reprint of the supporting information is given in Appendix D
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ABSTRACT: This paper examines the effect of compositional
heterogeneity on the thermal conductivity of transparent, meso-
porous silica—titania composites that contain either 10 or 20 mol %
titania. The relative hydrolysis rates of the silica and titania
precursors were modified to control their compositional hetero-
geneity, while the ratio of polymer to inorganic precursors (silica +
titania) was varied to control the porosity of the films. All films were
optically transparent at thicknesses up to 1 ym with transmittance
above 90% and haze below 5% at visible wavelengths. It was found
that the heterogeneity of the titania species in the 10 mol % titania
samples could be easily tailored from highly dispersed titania to a
composition with heterogeneous silica-rich and titania-rich domains.
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By contrast, samples with 20 mol % titania always showed a heterogeneous titania distribution. The results show that mesoporous
films with more homogeneously distributed titania had a lower thermal conductivity at all porosities, likely due to increases in
propagon and diffuson scattering as a result of the increased number density of titania heteroatom scattering centers. These results
increase our understanding of heat carrier propagation in amorphous materials and add to the design rules for creating amorphous,

optically clear, low thermal conductivity materials.

B INTRODUCTION

Using materials as thermal insulation to separate hot from cold
is a pursuit as old as humankind. As rocks, wood, and fur have
given way to designer materials, so have the challenges that can
be addressed. This includes creatin% materials with extra-
ordinarily low thermal conductivity' ™ and creating materials
that can survive at extremely high temperatures.”” In this
work, we tackle another challenge in this field, which is the
optimization of materials with both low thermal conductivity
and high optical clarity for applications such as window
insulation. Here we specifically focus on templated nanoporous
networks made from combinations of amorphous silica and
titania and explore the role of compositional heterogeneity in
controlling thermal conductivity.

Crystalline materials are often good conductors of heat
because their long-range atomic-scale order facilitates heat
carrier propagation via lattice vibrations (or phonons).g_]0 In
amorphous materials, however, the disorder and randomized
atomic positions are not conducive to phonon transport,
resulting in a significantly reduced mean free path for the
carriers. In such systems, heat is transferred via propagons
(propagating vibrational modes that are similar to phonons but
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with much shorter mean free paths), diffusons (delocalized,
but nonpropagating vibrational modes), and, to a lesser extent,
locons (localized vibrational modes).*™'* To further reduce
the thermal conductivity of amorphous materials, one must
decrease heat carrier mobility. Often, this is achieved by
making a material porous, which reduces the effective density
of the material and, as a result, heat carrier transport.'>"
Porosity also has the added benefits of increasing internal
surfaces, which can act as scattering centers, and of spatial
confinement of heat carriers, both of which can be reasonably
well accounted for in crystalline materials with well-defined

14,15

phonon distributions. By contrast, the fundamental

relationship between the structure of amorphous, porous
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materials and their thermal conductivity is still not well
understood beyond the aforementioned density effects.'>"¢

As a result, improving thermal resistance in porous insulators
is typically achieved by increasing their porosity, which often
negatively impacts other performance metrics and limits
practical application of the resulting materials. For instance,
silica aerogels can reach thermal conductivities as low as 0.015
W m™ K' under ambient conditions when the porosity
exceeds 95%."” However, such large })orosity results in poor
mechanical integrity of aerogels.l' %1 In addition, the large
pores that form in connection with the increased porosity
strongly scatter visible light, rendering aerogels opaque or
translucent.'”*° Thus, establishing new methods for reducing
thermal conductivity of porous insulators is of paramount
importance and can lead to the development of better thermal
insulators with both mechanical robustness and high optical
trans%)arency for applications in energy-saving architectural
glass” and solar—thermal energy conversion systems.””

Many structural effects on thermal conductivity in templated
mesoporous materials have already been reported, such as the
role of precursor type (discrete nanocrystals vs continuous
sol—gel), wall thickness, and pore packing (cubic vs
hexagonal).”> ™ In nontemplated porous silica, the fractal
dimension has also been shown to influence the thermal
conductivity.”’~*°

In bulk systems, composition can also be used to reduce
thermal conductivity. For example, in crystalline materials, the
addition of point defects in the form of atomic or isotopic
dopants has been computationally and experimentally shown
to scatter phonons at the boundaries of the defects.”*"~* Seyf
and Henry computationally showed that as the concentration
of defects increases in a crystal, the population of propagating
modes rapidly changes to nonpropagating diffusons and
locons.>* This decrease in phonon propagation leads to a
reduction in the thermal conductivity of the material. For
amorphous systems, Choy et al. measured the thermal
conductivity of different metallic glasses and separated the
electronic and nonelectronic contributions to the thermal
conductivity.*>*® They found that for metal—metalloid glasses,
the thermal conductivity decreased as more chemical elements
were added to the alloy. More specifically, they found that the
nonelectronic or vibrational component of the thermal
conductivity decreased significantly as the complexity of the
chemical composition increased. This was attributed to
increased vibrational scattering with increases in the degree
of disorder due to the large number of components of the
alloys. While these studies demonstrate that the thermal
conductivity of crystals and amorphous insulators can be
reduced using compositional heterogeneity, the thermal
conductivities reported were all greater than S W m™" K™!
because the materials studied were either crystalline or
metallic. As a result, it is still not clear if compositional
heterogeneity in a material can have a significant impact in
ultralow thermal conductivity applications.

Unfortunately, it is quite challenging to find systems suitable
for the study of solid-solution effects on thermal conductivity
in materials with thermal conductivities on the order of 0.1 W
m™ K% To begin with, there is a small range of amorphous
oxides that mix well enough to form solid solutions with
variable heterogeneity.””*" Ideally, we would like to use a
silica-based network because, in addition to being transparent,
they are intrinsically amorphous and easy to form into
nanoporous networks with controllable pore sizes—all
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favorable properties for low thermal conductivity. We then
need to add another metal oxide that can form a well-mixed
network, while maintaining the favorable low thermal
conductivity and optical properties. Mesoporous silica—titania
composites have been studied as thermal insulators,>** and the
synthesis of silica—titania glasses has been rigorously explored
for optical, electronic, and catalytic applications.**™** It has
been shown by using X-ray absorption near edge structures
(XANES), extended X-ray absorption fine structures (EXAFS),
Fourier transform infrared spectroscopy (FTIR), nuclear
magnetic resonance spectroscopy (NMR), and X-ray photo-
electron spectroscopy (XPS) that at low concentrations of
titania (<15 mol %), silica—titania forms a solid solution when
synthesized by sol—gel based methods.**~>' Moreover, the
heterogeneity of the silica—titania network can be controlled at
these low concentrations of titania (<15 mol %) by tailoring
the relative hydro?rsis rates of the molecular precursors for
silica and titania.*>**" Finally, when annealed at moderate
temperatures (<450 °C), the crystallization of titania can be
suppressed at large silica concentrations."***> Silica—titania is
therefore the ideal system for this study as it allows us to create
amorphous, porous materials with variable homogeneity and
good optical quality.

With these ideas as a backdrop, this study aims to elucidate
the effect of chemical homogeneity on the thermal
conductivity of mesoporous silica—titania composites. To do
so, mesoporous silica—titania thin films were synthesized with
either 10 or 20 mol % titania, at porosities ranging from to 25
to 60%. For the samples made with 10 mol % titania, the level
of homogeneity was controlled by varying the relative
hydrolysis rates of the silica and titania precursors. Given the
limited solubility of titania in silica at concentrations exceeding
15 mol %, the samples made with 20 mol % titania acted as a
control to assess the effect of the synthetic methods on thermal
conductivity, as these samples should show phase-separated
titania across all synthetic conditions. The structure of the
films was characterized with scanning electron microscopy
(SEM), transmission electron microscopy (TEM), ellipsomet-
ric porosimetry, optical interfereometry, optical interfereom-
etry, and two-dimensional grazing incidence small-angle X-ray
scattering (2D-GISAXS). Their composition and homogeneity
were characterized with energy-dispersive X-ray spectroscopy
(EDS), XPS, solid state *Si NMR, and FTIR. Finally, their
effective thermal conductivity was measured using time-
domain thermoreflectance (TDTR).

B METHODS

Materials. The following materials were obtained from
commercial suppliers and used without further purification:
triblock copolymer Pluronic F127 (PEO,oPPOgPEO, 4, M,
= 12600, BASF), tetraethyl orthosilicate (TEOS, 98%, Acros
Organics), titanjum isopropoxide (TIPO, 98%, Acros Organ-
ics), 2,4-pentanedione (acetylacetone, 99%, Acros Organics),
2,4-pentanedione (acetylacetone, 99%, Acros Organics),
hydrochloric acid (Certified ACS Plus, Fisher Scientific), and
ethanol (EtOH, 200 proof, Rossville Gold Shield).

Synthesis. The synthesis of mesoporous silica—titania
mixed films was adapted from the works of Dong et al. and
Dunphy et al.">** F127:EtOH:HCI:H,0:TIPO:TEOS were
combined in a 7.4:50:6.1:0.06:x:(1 — x) molar ratio, where x is
0.1 or 0.2. In a typical synthesis of silica—titania with molar
ratio 90—10 and mpq,/Miney = 1.5 g/g, 280 mg of Pluronic
surfactant F127 (PEO,o,PPO4PEOo,) was first added to 6



mL of ethanol, 0.325 mL of doubly distilled water, and 0.425
mL of 37% HCI under rapid stirring at 60 °C until the polymer
was fully dissolved. Then, 0.62 mL of TEOS was added to the
reaction mixture, followed by the dropwise addition of 0.1 mL
of TIPO. The reaction was left to stir for 5 h at 60 °C.

To increase the compositional homogeneity of the mixture,
a modified synthesis was adapted from Chen et al.>' In the
modified synthesis of silica—titania with molar ratio 90—10 and
Myoty/ Minerg = 1.5 g/g, 0.1 mL of TIPO was combinreaction
mixture, followed by the dropwise additioned with 0.03 mL of
acetylacetone in 1 mL of ethanol and stirred for an hour at 60
°C. Concurrently, in a separate flask, 0.62 mL of TEOS was
combined with 0.053 mL of H,O in 1 mL of ethanol and
stirred for an hour at 60 °C. Then, both solutions were added
to a solution of 280 mg of F127 in a mixture of 4 mL of
ethanol, 0.27 mL of water, and 0.425 mL of 37% HCI and
stired for 4 h. Full details of the regular and modified
syntheses are included in Table SI.

To obtain films of thicknesses >200 nm, the solutions were
concentrated by rotary evaporation at 80 mTorr in a 60 °C
temperature bath for 10 min. Films were made by spin coating
the solutions onto silicon wafers or 1 mm thick glass
microscope slides. The films were then calcined under flowing
O, by first holding at 350 °C for 6 h and then at 400 °C for 2 h
to remove all polymer template and ensure that the titania was
in its fully oxidized form. A ramp rate of 2 °C min™" was used
for both heating and cooling.

Substrate free powdered samples for NMR and FTIR
analyses were made by evaporating the same solutions used for
film formation in Petri dishes for 3—7 days at humidity >50%.
The resulting powders were then calcined in flowing O, at 400
°C for ~12 h (until all of the polymer was removed).

Characterization. The structure of the samples was
examined with scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), ellipsometric porosim-
etry, N, porosimetry, two-dimensional grazing incidence small-
angle X-ray scattering (2D-GISAXS), and two-dimensional
grazing incidence wide-angle X-ray scattering (2D-GIWAXS).
The composition and chemical bonding were further examined
using EDS, XPS, solid-state *?Si NMR, and FTIR. The thermal
conductivity was measured using a time domain thermore-
flectance (TDTR) technique, with the specific heat capacity ¢,
of representative powdered measured through differential
scanning calorimetry (DSC). The full details of these
characterization methods are given in the Supporting
Information.

B RESULTS AND DISCUSSION

Using polymer templating methods at acidic pH, sol—gel based
mesoporous silica—titania (ST) films were synthesized at ratios
of 10 mol % (ST10) and 20 mol % titania (ST20). The
hydrolysis rate of the silica precursor, tetraethyl orthosilicate
(TEOS), is much slower than that of the titania precursor,
titanium isopropoxide (TIPO), leading to the formation of
titania-rich nanodomains in the solid network when these
precursors are simply mixed. The homogeneity of the titania
within the matrix can, however, be adjusted by tuning the
hydrolysis rates of their molecular precursors.”® Specifically, at
concentrations less than 15 mol % of titania, a more
homogeneous network of silica—titania can be obtained by
simultaneously increasing the hydrolysis rate of TEOS through
prehydrolysis with water, while reducing the hydrolysis rate of
TIPO through the use of a chelating ligand such as
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acetylacetone.*****>*! This method was applied to meso-

porous silica—titania films with ratios of 10 and 20 mol %
titania. The full synthetic details are given in Table S1 of the
Supporting Information, where the samples were labeled as
regularly synthesized (reg), where the silica and titania
precursors were just mixed and added to the network, or
modified (mod) where the synthesis was modified such that
the hydrolysis rates of the precursors were better matched. The
20 mol % titania samples served as a control for the differences
in synthetic method, as this sample should have titania-rich
nanodomains with both synthetic methods because of the high
titania concentration.

Structural Characterization. The SEM images of the
ST10reg and ST20reg composites in Figures la and 1b show

(a): ST20reg (b) ST20reg

100 nm [0
(9)ST10mod . (M ¥8T2

f— [— : Vs
250nm Si 250nm Ti ’

22078

éTZOreg 100 nm

Figure 1. Electron micrographs and electron spectroscopy showing
the structure and composition of the mesoporous silica—titania
composites. (a, b) Scanning electron micrograph (SEM) of (a) an
ST10reg and (b) an ST20reg sample showing the porous structure.
(c) Low-magnification SEM image of a typical ST20reg sample
showing the homogeneity and lack of large scale defects in these
porous films. (d—f) Transmission electron micrographs (TEM) of a
typical (d) ST10reg, (e) ST10mod, and (f) ST20mod sample also
showing the porous structure. (g) Energy-dispersive X-ray spectros-
copy (EDS) map of an ST20reg sample showing good mixing in the
silica—titania composite. (h, i) High-resolution TEM (HR-TEM) of a
typical (h) ST10reg and (i) ST20mod sample showing a lack of lattice
fringes in the amorphous pore walls of these samples.

that homogeneous mesoporous silica—titania composite films
were successfully synthesized. As shown in the low-
magnification image in Figure lc, the synthesized films are
smooth and lack significant defects such as cracks, phase
separation, or large pores, which is favorable, as these features
would scatter light>* The TEM images in Figures 1d—f
indicate that all porous silica—titania network was continuous,
with homogeneously dispersed small pores; this is true for both
the regular and modified syntheses. The EDS map of a typical
ST20reg film in Figure 1g shows that the silica—titania
composite was well mixed at the resolution of EDS mapping
(~20 nm), even for the ST20 films, which we expect to show



the most phase separation. Data for ST10reg are similar (see
Figure S1). This indicates that other methods will need to be
employed to quantify compositional heterogeneity in these
films. The lack of lattice fringes in the HR-TEM images of
Figures 1h and li further suggests that the titania remained
amorphous in both the ST10reg and ST20reg samples. This is
corroborated by the lack of diffraction peaks in the reduced
two-dimensional grazing incidence X-ray scattering (2D-
GIWAXS) data in Figure S2. This lack of crystallinity of
titania was expected since the presence of a high percentage of
silica has been shown to suppress the crystallization of
titania.** Additionally, the films were calcined at 400 °C, a
relatively low temperature for titania crystallization,>>>* >
We conducted transmittance and haze measurements to
further examine the optical quality of films coated on 1 mm
thick glass microscope slides. Here the total transmittance of
the films quantifies the percent of light transmitted through the
film, including light lost to reflection, while haze is a measure
of the clarity of the material and quantifies only scattering (see
the Supporting Information for more details). In general, films
of good optical quality have transmittance above 90% and haze
below 5%.>* Figure 2 compares the normal-hemispherical
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Figure 2. Normal-hemispherical transmittance—haze measurements
across the visible spectrum for uncoated glass and typical ST10 and
ST20 samples. Photos of the uncoated glass and ST10 and ST20
samples are shown in the inset.

transmittance and haze of typical ST10 and ST20 films to that
of an uncoated glass slide along with photographs of the films.
Both coated samples featured similar high transmittance values
in excess of 90%. The ST10-coated sample had a haze on the
order of 1%, which is lower than the ST20-coated sample.
Because both coated samples had haze values that were below
2%, they do not significantly scatter light in the visible regime
and are therefore suitable as coatings for applications where
optical transparency is desired.

To quantify the degree of heterogeneity in the silica—titania
films, solid-state 2°Si NMR and FTIR were used to examine
local bonding between Si and Ti; this was done because EDS
mapping was unable to resolve the heterogeneity in the
composites. In a typical **Si NMR spectrum, the Q peaks are
indicative of Si—O—M bonds, where M represents any atom. A
Q* peak indicates a Si atom bonded to only O—Si moieties. A
Q’ peak indicates a Si atom with three such bonds and one O—
heteroatom bond, such as the Ti in our system. The ratio of
the areas of the Q3/Q* peaks can be used to quantify

homogeneity. Given the same silica—titania ratio, a higher ratio
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of Q*/Q* peaks indicates that titania is more homogeneously
distributed in the silica network at the atomic scale. By
contrast, when silica and titania separate into two phases, they
form more Si—O—Si and Ti—O—Ti and less Si—O—Ti bonds.
FTIR can also be used to study the homogeneity of the mixed
system by directly probing the absorption of the Si—O-Ti
stretch. The greater the intensity of the stretch, the greater the
number of Si—O—Ti bonds and the more homogeneously
distributed the titania. As such, both methods can be used to
quantitatively determine the extent to which titania is
distributed in the silicate structure.

The NMR spectra plotted in Figures 3a and 3b indicate that
the relative Q*/Q* peak area ratio for the ST10mod sample
was 0.71 (Figure 3b), while it was only 0.60 for the ST10reg
sample (Figure 3a). This suggests that there is a more
homogeneous distribution of titania in the solid network
produced when the hydrolysis rates of the molecular
precursors were better matched. Likewise, the stronger
intensity of the Si—O—Ti stretching absorption band at 950
cm™! for the ST10mod film compared to the ST10reg film
(Figure 3c) confirms that titania in the modified sample is
indeed more homogeneously distributed. By contrast, modify-
ing the synthesis of the ST20 films had no significant effect on
the distribution of titania in the silica matrix. While the Q*/Q*
area ratios are higher for all the ST20 samples due to the larger
titania content, both ST20reg and ST20mod films had
comparable Q*/Q* area ratios of 0.78 and 0.79, respectively,
according to the NMR spectra plotted in Figures 3d and 3e.
Similarly, the intensities of the Si—O—Ti IR absorption bands
were the same for the ST20reg and ST20mod samples plotted
in Figure 3f. The similarity of ST20reg and ST20mod was
likely due to the limited solubility of titania in silica at 20 mol
% which has been reported in the literature.*” As a result,
unlike the ST10 films, the homogeneity of the ST20 films
could not be tailored by controlling the hydrolysis rates of the
molecular precursors. The ST20 samples are thus ideal
experimental controls to determine whether changes in
thermal conductivity, discussed below, should be attributed
primarily to changes in the titania distribution within the
material or are simply due to differences in the synthetic
method. Overall, using a templated sol—gel based method
yielded amorphous, mesoporous silica—titania films with good
optical quality and controllable atomic-scale mixing of the silica
and titania in the network at low titania concentrations.

X-ray photoelectron spectroscopy was conducted to further
quantify the ratio of silica:titania, as well as to quantify any
defects in the mixed, mesoporous structure. High-resolution
XPS spectra of the Si 2p peak, the Ti 2p peaks, and O 1s peak
from representative ST10reg, ST10mod, ST20reg, and
ST20mod samples are depicted in Figure S3. A summary of
the deconvoluted peak positions and their respective areas and
relevant ratios are given in Table 1. The area ratios of the Si 2p
and Ti 2p peaks were used to quantify the ratio of Si:Ti on the
surface of the films. The ratios of Si:Ti were found to be 90:10,
89:11, 85:15, and 83:17 on the surface of the STIOreg,
ST10mod, ST20reg, and ST20mod films, respectively. For the
ST10 samples, these compositions are in good agreement with
those determined from EDS (92:8 + 2), confirming that there
is little to no enrichment of Si or Ti on the surface of the films
compared to the bulk material. For the ST20 samples,
however, the Ti content (15% for ST20reg, 17% for
ST20mod) is lower than determined from EDS (80:20 + 1),
likely as a result of surface enrichment with Si. We hypothesize
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Figure 3. Examining the effect of synthesis parameters on the homogeneity of mesoporous mixed silica—titiania powders. (a, b) Solid-state *Si
NMR with the Q*/Q* peak area ratio shown as an inset for ST10 powders made by using the regular and modified synthetic methods, respectively.
(c) FTIR absorption for ST10reg and ST10mod showing differences in the Si—O—Ti vibrational mode. (d, e) Solid-state *’Si NMR with the Q°/
Q* peak area ratio again shown as an inset for ST20 powders made by using the regular and modified synthetic methods, respectively. (f) FTIR
absorption for ST20reg and ST20mod showing no differences in the intensity of the Si—O—Ti vibrational mode.

Table 1. Peak Positions and Areas Obtained from XPS for
the Four Mesoporous Silica—Titania Composites Explored
in This Work

peak
designation sample ST10reg ST10mod ST20reg ST20mod
Si 2p peak position 103.5 103.7 103.3 103.1
(ev
peak area 23.78 23.88 21.76 2140
Ti 2p " peak position 464.0 463.7 463.1 463.4
(evV
peak area 0.10 0.09 0.03 0.09
Ti2p,,*"  peak position 465.5 465.5 465.1 465.0
(ev
peak area 0.79 0.85 122 1.36
Ti2p;,*  peak position 4583 4579 4573 457.4
(evV
peak area 0.20 0.18 0.06 0.19
Ti 2ps** peak position 459.8 459.7 459.3 459.2
()
peak area 1.58 1.70 243 2.73
O 1s Ti—=O  peak position 530.9 531.0 530.8 530.6
(eV)
peak area 5.19 S.14 9.99 11.01
O 1s Si—=O  peak position 532.6 532.7 532.6 5324
(eV)
peak area 68.36 68.15 64.52 63.22
relative area ratio Si 2p:Ti 2p  90:10 89:11 85:15 83:17
(%)
relative area ratio Ti 2p*":Ti 89:11 90:10 98:02 94:06
2 (%)
relative area ratio Si—O:Ti—O  93:07 93:07 87:13 87:13
(%)
O 1s/(Si 2p + Ti 2p) 2.78 2.74 292 2.88
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that since the titania precursors hydrolyze faster than those of
silica, they may form small titania domains, which then get
encapsulated by the silica when it eventually hydrolyzes and
condenses, leading to surface Si enrichment.

Additional insight could be gained by examining the peak
shift and other relative area ratios in each spectrum. The Si 2p
peak positions (Figures S3a,d,gj) are all lower than that of
pure silica (104.1 eV).* These shifts to lower binding energies
are expected, since Ti is less electronegative than Si (1.5 for Ti
vs 1.9 for Si). When we compare the ST10 films with peaks
centered at 103.5—103.7 eV to those from ST20 samples that
have peak positions at 103.1—103.4 eV, we observe a slightly
larger shift for the ST20 samples, consistent with the higher Ti
content.

Next, we look at the Ti 2p peaks to elucidate the fraction of
nonoctahedral titania in the network. The typical Ti 2p peaks
are split into Ti 2p,/, and Ti 2p;/, as a result of spin—orbit
coupling, as shown in Figures S3b,ehk. Deconvolution of
these peaks shows that while the films are made up primarily of
Ti*, there is some Ti** present from TiO, species where x < 2.
These TiO, species arise from defects in the structure as a
result of the incorporation of octahedral titania into tetrahedral
silica sites.”” To quantify the nonoctahedral titania, we
calculated the ratio of Ti 2p*":Ti 2p**. The ST10reg,
ST10mod, ST20reg, and ST20mod samples have Ti 2p**:Ti
2p®" ratios of 89:11, 90:10, 98:2, and 96:4, respectively. The
data indicate that there is significantly more Ti*', suggesting
more nonoctahedral titania, in the ST10 samples than the
ST20 materials. This observation was expected, as the ST10
samples were better mixed and contained smaller titania
domains than the ST20 films. We believe that the smaller
domains of the ST10 films consisted of more frustrated titania
species in the silica network, while the larger titania domains in



the ST20 films would contain a greater number of stable Ti—
O-Ti bonds and overall more octahedral titania in the
network. The similarity of the ST10reg and ST10mod samples,
however, indicates that nonoctahedral titania is not primarily
responsible for the differences in thermal conductivity
presented below.

Finally, we examine both the relative ratios and peak shifts of
the O Is peaks. The O 1s peaks in Figure S3¢,fhl can be
deconvoluted into two peaks: Si—O at 532.4—532.7 eV and
Ti—O at 530.6—531.0 eV. Typically, the O s peak of pure
silica is centered around 533 eV.** When titania is added to
the network, the binding energy shifts to lower eV as a result of
adding a less electronegative species in the network. A clear
second peak appears at about 530.5 eV when the concentration
of titania exceeds 10 wt % (~8 mol %) because of the
formation of phase-separated Ti—O—Ti bonds. This peak
continues to slowly shift to 329 eV as the concentration of
titania increases toward a pure titania network. It is therefore
not a surprise that the Ti—O peak in the ST20 films (binding
energies 530.8 eV (ST20reg) and 530.6 eV (ST20mod)) were
lower than those of the ST10 films (binding energies 530.9 eV
(ST10reg) and 531.0 eV (ST10mod). In agreement with the
NMR data, the sample that should have the most Si—O—Ti
bonds (ST10mod) also showed the highest Ti—O binding
energy. Moreover, as expected, the ST20 films (with Si—
O:Ti—O ratios of 87:13 and 85:15 for ST20reg and ST20mod,
respectively) also contained a larger fraction of Ti—O bonds
than the ST10 films (with Si—O:Ti—O ratios of 93:07 for both
ST10reg and ST10mod). Interestingly, however, the compo-
sition of Si derived from the Si—O:Ti—O ratios is larger than
those previously derived from the Si 2p:Ti 2p peak areas. This
is likely due to the fact that oxygen in mixed Si—O—Ti bonds
can appear under the Si—O envelope at low Ti concen-
trations.®®> In addition to the larger ratios of Si, the ratios of
O/(Si + Ti) of all samples are greater than 2. These
superstoichiometric ratios indicate the presence of extra
oxygen in the network, most likely from surface hydroxyl
groups in these porous, high-surface-area networks. The —OH
peak positions overlap with the Si—O and Ti—O peaks, so we
were unable to accurately determine the concentration of
hydroxyl groups on the surface. Overall, XPS corroborates
many of the conclusions about mixing and elemental
composition drawn from NMR and EDS and provides further
insight into defect density and surface structure.

The porosity and pore size distribution of the mesoporous
silica—titania network were quantified using -ellipsometric
porosimetry63 at room temperature with toluene as the
adsorbate, and by an interferometry-based technique.’* Figure
4a shows that the porosity of the films increased from 24 to
60% as more Pluronic F127 was added until the polymer/
inorganic mass ratio (mpoly/mimr) reached 2.2. Beyond this
limit, we observed a decrease in porosity for the ST10reg
samples, likely due to increased pore shrinkage during
calcination, so 2.2 was set as the limit for all other materials.
Figure 4b shows typical adsorption—desorption isotherms for
ST20mod samples made with different amounts of polymer.
According to the IUPAC classification, all isotherms were of
type IV(a) with H2(b) hysteresis loops, signiféy_inﬁg that the
films were mesoporous with some pore blocking.”*° Figure 4c
shows that the average pore radii ranged between 2 and 3 nm,
and the pore radius distribution broadened as the amount of
polymer template increased.
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Figure 4. Characterization of the pore structure of the films studied.
(a) Porosity as a function of Pluronic F127/(silica + titania) mass
ratio for all silica—titania films studied. (b) Toluene adsorption—
desorption isotherms and (c) pore size distribution curves for
ST20mod samples made from different F127/(silica + titania) mass
ratios (given on each graph). Pore size distribution curves are offset
by 0.5 units. Overall, total porosity, pores size, and pore heterogeneity
all increase as the relative fraction of polymer template increases up to
a F127/inorganic mass ratio of 2.2 g/g.

To further examine the effect of polymer addition on the
structure of the silica—titania network, two-dimensional
grazing incidence X-ray scattering (2D-GISAXS) experiments
were performed. Figures Sa—d show 2D-GISAXS patterns of
typical ST10 and ST20 films made using both synthetic
methods. The full arc in the g, and g, directions indicates that
all films had ordered porosity, both in the plane of the film and
perpendicular to the substrate, in the out-of-plane direction.
Figures Se and 5f plot the reduced 1D graphs that resulted
from integrating the intensities of the 2D-GISAXS patterns at
10°=30° and 70°-90° from the origin. These 1D graphs
provide information about the pore repeat distance both in-
and out-of-plane. For all samples, the out-of-plane peaks are at
higher g than the in-plane peaks, indicating that the pores
shrink normal to the substrate. The out-of-plane peaks also
have lower intensities as a result of the finite film thickness.
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Figure S. (a—d) Two-dimensional grazing incidence small-angle X-ray scattering (2D-GISAXS) pattern from typical (a) ST10reg, (b) ST10mod,
(c) ST20reg, and (d) ST20mod samples. (e, f) The one-dimensional scattering profiles obtained by integrating the intensities of the 2D-GISAXS
patterns over the angular range 10°—30° (in-plane) and 70°—90° (out-of-plane) for the ST10 and ST20 samples, respectively. (g) In-plane and
out-of-plane pore-repeat distances and the ratio of those two distances as a function of polymer:silica mass ratio for the ST10reg samples. (h) In-
plane and out-of-plane distances as a function of polymer:silica mass ratio for all silica—titania samples studied here.

The in-plane data show a weak peak at around 0.09 A, in
addition to the main peak at around 0.05 A™". These peaks can
be indexed to the 100 and 110 planes of a hexagonal lattice
(space group p6mm) with a ratio of 1:/3.***~%° Compared
to the other silica—titania samples, the out-of-plane peak of the
ST20mod occurs at slightly higher g, indicating additional pore
shrinkage in the ST20mod samples. Other than this shift, the
data for the 10% and 20% titania samples are nearly identical,
indicating that these samples are all structurally similar at the

nanoscale.

49

Figure Sg shows the gradual increase in the in- and out-of-
plane pore-repeat distances for all #1,,/1m;,, ratios less than
2.0 for the ST10reg series. When m,1,/ i > 2.0, the in- and
out-of-plane spaces both begin to decrease, presumably
because of pore collapse upon heating due to the very thin
walls. Additionally, as the amount of polymer added to the
composite increased, so did the pore anisotropy, with much
smaller pores sizes observed in the out-of-plane direction. This
trend continued up to M,/ Mo = 2.5, which showed no out-
of-plane diffraction, suggesting either total pore collapse or
disordering in the out-of-plane direction. This destruction of



the pore order along with the decrease in porosity of the
ST10reg sample at g,/ Mino, = 2.5 shown in Figure 4a lead us
to limit all other syntheses in this work to 1,4,/ ratios less
than 2.5. Figure Sh shows similar in- and out-of-plane distances
as a function of m,q,/my,, for all materials used in this work.
Similar trends are observed in all materials.

Effect of Compositional Heterogeneity on the
Thermal Conductivity. Figure 6 plots the thermal con-
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Figure 6. Effect of chemical homogeneity and fractional porosity on
the thermal conductivity of mesoporous mixed silica—titania thin films
synthesized with (a) 10 mol % and (b) 20 mol % titania. Here  refers
to K. as defined below.

ductivity as a function of porosity for all mesoporous silica—
titania films used in this work. Figure 6a shows that at
comparable porosities, the modified samples with their
homogeneous titania distribution (ST10mod) have lower
thermal conductivities than their less homogeneous counter-
parts (ST10reg). As established by the **Si NMR and FTIR
spectra of Figures 3a—c, at a titania concentration of 10%, the
modified films contain more homogeneously distributed Ti
scattering centers than those synthesized using the regular
method. In amorphous materials, heat is transported mainly by
the propagons and diffusons. The former are similar to
phonons in crystalline materials while the latter stem from the
diffusion of vibrational modes.'"' The homogeneously dis-
tributed titania apparently serve as effective scattering centers
for propagons and thus reduce their mean free path. Moreover,
the more homogeneous the distribution of heteroatoms, the
higher the degree of atomic disorder in the material. As a
result, we hypothesize that this homogeneous distribution of
heteroatoms results in a higher degree of randomness of
vibrational modes, which reduces the thermal coupling of
different modes and impedes the diffusion of thermal energy.

On the other hand, Figure 6b shows that the cross-plane
thermal conductivities of the ST20reg and ST20mod films
were nearly identical at similar porosities. As illustrated in
Figures 3d—f, the homogeneities of these samples were very
similar, despite differences in their syntheses. This is likely due
to fact that the titania concentration exceeds the solubility limit
in all ST20 silica—titania composite, resulting in a similarly
inhomogeneous distribution of titania scattering centers. This
supports the idea that the lower thermal conductivity of the
ST10mod film compared with ST10reg is due to higher
homogeneity and not due to other effects originating from the
differences in the two synthetic methods.

These trends can be quantified by fitting the data in Figures
6a and 6b with the porosity weighted simple medium (PWSM)
model (dashed lines in Figure 6) to show the effects of titania
concentration and heterogeneity on the thermal conductivity
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of the porous network. The PWSM model is often used to
qualitatively describe heat conduction in porous material,”
according to the following equation.

Keff = Kdense(l - ¢)(1 - ¢x)

Here, K. and Kgeng correspond to the thermal conductivity of
the porous and analogous fully dense material, ¢ is the
porosity, and x is an empirical fitting parameter that can vary
from 0 to 1 to indicate the alignment of the heat conducting
components of the sample. When «x = 0, it indicates that the
heat conduction components are fully aligned in series while x
= 1 indicates parallel alignment. By fitting our data to the
PWSM model, we determined that the less well mixed
ST10reg, ST20reg, and ST20mod samples all have similar
PWSM fits with x = 0.22, 0.22, and 0.20, respectively. On the
other hand, the ST10mod samples, with the more homoge-
neously distributed titania, produced a PWSM fit of x = 0.14,
suggesting that the ST10mod films conduct heat in a more
serial manner, likely due to increased heat carrier scattering
that prevents effective parallel heat conduction. Overall, these
results suggest that for the same concentration of atomic
defects smaller, more dispersed scattering centers are better at
reducing thermal conductivity than larger, less dispersed ones.

Figure 7 compares the thermal conductivity of the present
silica—titania composite films with that of mesoporous
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Figure 7. Porosity-dependent thermal conductivity comparing F127
templated mesoporous silica—titania to F127 templated mesoporous
silica samples from ref 23 made from continuous sol—gel and discrete
nanoparticle-based precursors. The ST20reg and ST20mod samples
were combined and all labeled as ST20, since the differences in
synthesis did not result in any significant difference in the thermal
conductivity.

nanoparticle-based and sol—gel silica films reported from ref
23 that were synthesized using similar methods with F127
block copolymer as the template. The data show that adding
either 10 or 20 mol % titania resulted in reduced thermal
conductivity compared to the pure silica films, presumably
because all Ti incorporation provides additional centers that
scattered propagons and diffusons, thus reducing the thermal
conductivity of those samples, regardless of the compositional
homogeneity. In agreement with this idea, PWSM fits to pure
silica samples, published previously, produce a value of x =
0.31, which is higher than any of the titania-containing
samples.” This suggests that all titania incorporation frustrates
parallel heat conduction. When we further compare all the
samples that show titania clustering, that is, the ST1Oreg



sample and all ST20 samples, we observe that the ST20
samples had lower thermal conductivities than the ST10reg
samples. We hypothesize that this occurred because the ST20
samples have overall more heat carrier scattering sites than the
ST10reg samples, thereby lowering the thermal conductivity.
However, the more homogeneously distributed ST10mod
samples showed the lowest thermal conductivity of all of them,
even compared to the ST20 samples that have a higher
concentration of Ti. These data suggest that for lowering
thermal conductivity, having more dispersed heat carrier
scattering centers is overall more effective than adding a larger
mole fraction of potential scattering sites.

B CONCLUSIONS

This study furthers our understanding of heat carrier
propagation in amorphous porous materials and introduces
new design rules for insulating materials and coatings. From
our data, we found that adding titania to the silicate matrix
lowers the thermal conductivity of the matrix as a result of
introducing additional heat-carrier scattering centers. By
comparing both the concentration and the compositional
heterogeneity of the scattering sites, we found that the most
chemically homogeneous materials with the most distributed
scattering sites were more efficient at reducing heat carrier
transport than samples with inhomogeneous distributions of
scattering centers at either equivalent or higher concentrations.
This indicates that the effect of atomic homogeneity is greater
than the effect of the total concentration of the heat carrier
scattering centers.

Because theories of thermal transport for amorphous
materials, particularly when combined with nanoscale porosity,
are less developed than those for crystalline materials, this
work adds porosity-dependent data on well-characterized
materials that can be used for future modeling studies. It is
our hope that the thermal transport data on materials with
both more and less homogeneously distributed titanium atoms,
in particular, will be helpful in understanding the factors that
control heat carrier scattering in amorphous materials, where
classic phonon transport mechanisms are not applicable.
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CHAPTER 6
Hierarchical monoliths from sub 50 nm hollow silica shells

The intrinsic pores and multiple heat scattering interfaces of hollow silica shells make them
interesting building blocks for hierarchical mesoporous monoliths. In this work, we use hollow
silica shells synthesized using a single micelle templating technique with tetraethylorthosilicate
(TEQOS) as our silica source. We first systematically tuned the synthesis of hollow silica shells to
understand the individual effect of each parameter on the total diameter (dtwt) and core diameter
(dcore). By adjusting the ratio of each precursor, we reduced the size of the shells to range from diot
of 32 nm and dcore OF 17 nm to shells with dtt 0f 13 nm and dcore 0f 7 nNm. We then used nanoparticle
aggregation to form monoliths of the polymer-filled silica nanoparticles, and calcined them to
produce free-standing monoliths of hollow silica shells. Using different-sized shells, we are able

to produce the hierarchical monoliths with optical transmittance ranging from 50% to 80%.

Introduction
Mesoporous materials such as hollow silica shells and their hierarchical monoliths, are of

interest for applications in biomedicine, agriculture, catalysis, and thermal insulation owing to
their high surface areas, low densities, low toxicities, ultra-low thermal conductivities, and
mechanical robustness.’ There is particular interest in the use of mesoporous silica aerogels in
monolith or granular form for use as transparent insulating coatings for window glazings or
skylights to reduce energy consumption.*® For window glazing, the coating needs to be optically
transparent in addition to having a low thermal conductivity. To increase transparency, all features
of the coatings — pores, particles, and defects, need to be small enough to prevent optical

scattering.'® For skylights, high optical transparency is not as integral.
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Hollow silica shells, in the shape of rods, cubes, or spheres, are synthesized by hydrolyzing
and condensing silica precursors around a template that is subsequently removed. The template
that constitutes the core can be either hard or soft.!* Hard templates consist of pre-formed colloids
with fixed sizes and shapes made from either inorganic (metal, salt, or oxide) or organic
(polymethylmethacrylate or polystyrene) precursors.t*® In comparison, soft templates, like
emulsions of surfactants or block-copolymer micelles, have more dynamic and flexible structures
with their features determined by intermolecular interactions.!!1"-1% After the silica precursor
condenses on the surface of the core, the template is removed by physical or chemical treatment

to produce the hollow shell.

The synthesis of hollow silica spheres using block-copolymer templating (also referred to
as single micelle templating) is of particular interest for this study, since monodisperse silica shells
with diameters below 50 nm can easily be synthesized using this technique. Block-copolymers
containing hydrophobic and hydrophilic components, such as poly (propylene oxide) (PPO) and
poly (ethylene oxide) (PEO), respectively, can form micelles in solution. Typically, the micelle
templating process is used to produce ordered mesoporous monoliths. However, under the correct
synthetic conditions, block-copolymer templating can be used to produce individual nanoparticles.
Specifically, the micelles need to be stabilized with an appropriate hydrophobic additives (often a
benzene-derivative)?. This stabilizes the PPO core of the micelles so that the micelles are less
dynamic and thus more similar to a hard template. To avoid the formation of a consolidated
network, the mass ratios of the silica precursor to polymer needs to be less than 2.8 g/g regardless
of the silica source.?:?? Additionally, the synthesis is generally conducted in strongly acidic
conditions to slow down the hydrolysis rate of the silica precursor, although shells synthesized at

neutral pH levels have been reported.?® Additionally, while the presence of salt has been shown to
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aid in the synthesis of shells by reducing their total diameters and improving monodispersity, it is
not essential for the formation of hollow silica shells.?22224 Of particular note in this work is the
development of methods to produce shells that are significantly smaller than those previously

reported. This size optimization may find applications in a range of fields.

After the nanoparticles are synthesized, the hollow shells can be formed into hierarchical
monoliths, typically through a sintering process or via an evaporation induced self-assembly
process.?®> However, the resulting materials often have low porosity and high nanoparticle contact,
which can increase heat conduction along the silica backbone. One method that is yet to be
explored to produce hierarchical monoliths of hollow shells via controlled aggregation or gelling,
similar to that used to produce aerogels or ambigels.*"2%2" In this process, the silica precursors
react and aggregate to form an interconnected gel filled with an aqueous or alcoholic solvent. The
solvent in the gel is then gradually exchanged to one that exerts little capillary pressure on the
network, which is then removed to produce a mesoporous network with randomly sized pores.
Recently, Marszewski et al. demonstrated that the process can be adapted to produce silica
nanoparticle-based monoliths that are highly porous and semi-transparent. 2 To induce gelling,
they reduce the surface charge of silica nanoparticles by lowering the pH of the solution. Using
this technique, they were able to produce monoliths with porosities between 70 — 81% with visible

transmittances between 75 — 83%.

In this work, we use single micelle templating to synthesize hollow silica shells, and then
assemble the shells into hierarchical monoliths. The synthesis was modified to reduce the size of
the shells, and the very small shells described here may find applications outside of controlled

thermal conductivity. The small shells were then assembled in solution and the process was
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optimized to produce free-standing hierarchical monoliths. The porosities of resulting monoliths

varied from 68 to 85%.

Experimental
Synthesis of hollow silica shells

Hollow silicashells were synthesized using a single micelle templating technique (Scheme
3.2.1) adapted from Tang et. al.?* In a typical synthesis, for example one with the molar ratio of
F108:HCl:xylenes: TEOS of 0.01:19:1.8:1, 0.5 g of the non-ionic block-copolymer Pluronic F108
(PEO132PPO50PEO132) was dissolved in 30 mL of 2 M HCI at room temperature. After one hour of
rapid stirring, 0.7 mL xylenes was added to the solution and the emulsion was left to stir for an
additional 2 hours. To the emulsion, 0.7 mL of TEOS was added dropwise and the contents were
allowed to stir for 12 hours. The synthetic parameters were tuned as described in Table 1 to
examine their effect on the size of the hollow silica shell. To remove excess polymer template and
xylenes, liquid-liquid extraction of the hollow shell solution with toluene was conducted. In
general, 30 mL of hollow shells solution was extracted using 50 mL of toluene, and the process
was performed in triplicate. To characterize the as-synthesized shells, an aliquot of the extracted
solution was dried at 80 °C then calcined in flowing oxygen by first heating under a ramp of 1 °C
min? holding at 250 °C for 6 hours, then at 400 °C for an additional 6 hours, and then cooling

under a ramp of 1 °C min™.

Synthesis and post-synthetic treatment of shells to form monoliths:
To assemble the shells into monoliths, the synthesis was scaled six-fold. After the liquid-liquid
extraction, the solution was left partially covered for at least 5 hours to allow for the evaporation

of any residual benzene derivatives (xylenes, toluene). In an attempt to facilitate gelation and
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strengthen the gel network, the shell solution was either (1) heat-treated or (2) the pH was adjusted
almost to the point of gelation.

To heat treat the samples, the extracted hollow shell solution was placed into a Teflon autoclave
at 80 °C for 2 days. The warm solution was then poured into a Teflon mold coated with Fluorinert
FC-70 PFC oil, covered, and left to gel and shrink. The heat-treated samples are denoted by HT.
For the pH adjusted samples, the pH of the shell solution was increased to 8. To do so, 40 mL of
the extracted solution was first diluted to 70 mL using distilled water to avoid premature
aggregation of the shells upon addition of base. Then, approximately 7 mL of 4 M NHsOH was
then added over the course of 30 minutes to the diluted shell solution in 1 mL increments while
rapidly stirring to slowly adjust the pH to 8. This diluted, pH-adjusted solution was then
concentrated using ultrafiltration. In general, 70 mL of the pH adjusted hollow shell solution was
concentrated to 55 mL via pressure ultrafiltration using a Sartorius® Vivacell 100 ultrafiltration
unit with gentle shaking. The concentration process took approximately 2 hours, after which the
solution was again placed in a Teflon mold coated with the Fluorinert FC-70 PFC oil, covered and
left to gel and shrink. The pH-adjusted samples are denoted by PA.

After the gel shrank to about 60 % of its original diameter and fully detached from the walls
of the container (approximately 5 days for both heat-treated and pH-adjusted samples), it was
carefully removed from the Teflon mold and solvent exchanged.

Solvent exchange, drying, and calcination of hollow shell monoliths:

A basic outline of the solvent exchange, drying, and calcination process is depicted in Scheme
1 and is similar to the ambient drying technique reported for ambigels, but with additional steps to
remove the polymer template from inside the shell.* The wet gel was first placed in a 1:1

water:ethanol mixture for 3 hours then transferred to a 100% ethanol solution for an additional 3
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hours. The ethanol solution was then replaced with a mixture of 2 vol% of bistriethoxysilane in
ethanol followed by 5 drops of concentrated HCI. The gel was left in this solution for at least 8
hours to facilitate further cross-linking and therefore increase the structural robustness. After this
time, the gel was transferred to an acidified ethanol solution (0.73% concentrated HCI in ethanol)
and placed in an oven at 60 °C for at least 4 hours to dissolve some of the polymer from the core
of the composite.?® This acidified ethanol wash was conducted in triplicate. The gel was then
transferred to a 1:1 mixture of ethanol:heptane, followed by three final solvent exchanges in pure
heptane. The gel was then placed in a partially closed container to slowly dry. After the gel was
fully dried (approximately 2-3 days), the dried slab was first heated at 250 °C for 6 hours then
calcined at 400 °C for an additional 6 hours at a ramp and cool down rate of 1 °C min™ in flowing

oxygen.

-_) £
Bis-silane Extract Solvent Caldi
treat F108 exchange aicine

Scheme 6.1. Outline of the solvent exchange process.

Results
Hollow shells synthesized using single micelle templating with TEOS as the silica source

were used to create hierarchical porous monoliths. We used TEOS as the silica source since it
hydrolyses and condenses to form pure silica shells, which has reactive groups on the surface of
the particles that can crosslink during assembly to help the shells aggregate into monoliths. The
synthesis of the hollow shells was conducted in the absence of salts because we found that the salts

were very hard to subsequently remove, and would crystallize during the assembly of the colloids
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into monoliths. The current salt-free syntheses of hollow shells presented in the literature typically
gives shells with total diameters c.a. 30 nm.?° Structural characterization of fully calcined shells
synthesized in-house using previously reported salt-free synthesis methods is given in Figure 6.1.
This sample serves as the starting point for our further optimization. The rings observed in the
transmission electron microscope (TEM) image of Figure 6.1(a) verify the formation of hollow
silica shells. Here, the edge of the shell is darker than the interior since it has more material for the
electron beam to penetrate. The porosity of the sample was obtained from the total volume
adsorbed during N2 porosimetry, measured at 77 K and depicted in Figure 6.1(b). The isotherms
obtained are type 1V(a), as is typical of mesoporous materials. There are two distinct regions in
the N2 porosimetry isotherm: the first uptick, at P/Po < 0.9, is due to the hollow interior of the
shells, while the second, at P/Po > 0.9, is due to absorption from larger pores that are created by
inter-particle stacking. The pore size distribution (PSD) was obtained from the adsorption branch
of the isotherm using the Barrett-Joyner-Halenda (BJH) method with KJS correction. Like the
isotherm, the PSD also shows two distinct regions from the two types of pores, with hollow interior
(dcore) pores indicated by the peak centered at 24 + 3 nm and the inter-particle stacking (di-p) pores
showing up at pore widths greater than 30 nm. In addition, the PSD reveals the presence of

microporous windows in the shells at pore widths less than 7 nm.

Unfortunately, with a total diameter of 32 nm, the hollow shells would significantly scatter
light and thus reduce the optical transmittance, motivating an interest in smaller hollow shells.%=°
It has also been shown that the intrinsic gaps between particles correlate with the size of the
particles, therefore having smaller particles to assemble into monoliths would reduce optical
scattering for the pores between the particles as well. As such, we set out to amend our synthesis

to reduce the size of the shells, then assemble these smaller shells into monoliths.
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Figure 6.1. Structural characterization of typical hollow silica shells. (a) transmission electron
microscope (TEM) image of the hollow shells and (b) pore size distribution with porosimetry
isotherms inset of the hollow shells obtained from N2 adsorption porosimetry at 77 K.

Adjusting synthetic parameters to reduce the size of the hollow shells

In single-micelle templating with block-copolymer micelles, silica-micelle composites are
formed via an interfacial templating condensation process. When the Pluronic block copolymer is
added to the aqueous HCI solution, it self-assembles to form spherical micelles. The hydrophobic
xylenes preferentially interact with the hydrophobic PPO groups of the micelle cores by
suppressing the equilibrium exchange of the hydrophobic and hydrophilic blocks of the block
copolymer. When the hydrophobic TEOS is added to the emulsion network, it enters the xylene-
stabilized PPO core. At the PPO-PEOQ interface of the micelle, TEOS hydrolyses and condenses to
form silica.3? There has been significant work in the literature examining the effect of various
synthetic parameters on the size of hollow shells made from this technique. We used these

established trends to synthesize smaller shells that will reduce light scattering in our monoliths.
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The synthesis of hollow silica shells can be tailored by adjusting three key parameters: the
pH of the solution, * the size of the micelle core,?%?434 and the ratio of the silica precursor (TEOS)
to the number of micelles.?>?1* Particle sizes obtained by TEM and their pore size distributions
obtained from N2 porosimetry are given in Table 6.1. Samples are named HS-abcd where HS refers
to the hollow shell solution and (a), (b), (c), and (d) refer to molar ratios added to the solution
relative to the typical salt-free synthesis (HS-1111) for HCI, Pluronic F108, xylenes, and TEOS,

respectively.

Table 6.1. Synthetic parameters and resulting hollow shell characteristics

molar ratio added $Diameter (nm) SShell TCore
Sample . .
Core Thickness, | width
NAME | HCl | F108 | Xylenes | TEOS | Total, duot | ' ' |t (") | (n)
core

HS-1111| 190| 0.01 1.8 1| 32 5| 17 <4 7 x2| 24 %3
HS-%2111 95| 0.01 1.8 1 22 +2| 13 3 4 1| 13 %2
HS-%4111 6.3| 0.01 1.8 1| 16 x2 8 =zx1 4 =1 9 +£3
HS-1211| 19.0| 0.02 1.8 1| 23 £2| 15 <2 4 1| 14 %2
HS-1311| 19.0| 0.03 1.8 1| 13 +2 6 £1 3 *=1 9 +1
HS-1121| 19.0| 0.01 3.6 1| 26 2| 15 <2 5 £1| 16 x1
HS- 1131 19.0| 0.01 54 1 18 +3| 12 2 3 1| 10 #1
HS-1221 | 19.0| 0.02 3.6 1 20 £1| 13 =1 3 x1| 15 %2
HS-1331| 19.0| 0.03 54 1| 13 1 7 z=1 3 *=1 6 +1

$Measured from TEM using ImageJ

"Retrieved from N, porosimetry at 77 K using the KJS model.
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Figure 6.2. Examining the effect of hydrochloric acid concentration [HCI] on the structure of
silica shells. TEM images of shells made from (a) 2 M, (b) 1 M and, (c) 0.67 M HCI showing
the decrease in the diameter of the silica shells as the concentration of HCI is decreased. (d)
Number-weighted intensity distribution of the hydrodynamic diameters of the micelles at
different [HCI] obtained from dynamic light scattering. The diameters of the micelles decrease
when the [HCI] decreases from 2 M to 1 M, but then does not change further at 0.67 M. (e) The
normalized pore size distributions (normalized PSD) of the hollow silica shells with varying
concentrations of HCI showing a continuous decrease in core size with decreasing [HCI].

Effect of HCI concentration

First we examined the effect of decreasing the pH of the solution on the size of the shells
from2 M to 1 M to 0.67 M in samples HS-1111, HS-%2111, HS-%111, respectively. When we
decreased the concentration of the hydrochloric acid the size of the shells decreased, as shown in
Figures 6.2(a) to 6.2(c). This is thought to be due in part to a decrease in micelle size in the more
acidic environment. The decrease in [HCI] decreases the H-bonding in the aqueous solvent, which
then decreases the hydration of the micelle. While this change in hydration has been shown to have
no effect on the PPO core of the micelles,® as the H-bonding decreases, the EO chains are less
stretched, and, as a result, the overall size of the micelle decreases. The decrease in micelle size

with decreasing [HCI] is observed using DLS, as shown in Figure 6.2(d). Upon reduction of the
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[HCI] from 2 M to 1 M, but not upon further reduction from 1 M to 0.67 M. The differences in the
dcore Obtained from the TEM images (Figures 6.2(a-c)) and normalized PSD (Figure 6.2(e)) for 1
M to 0.67 M when no micelle size change is observed can be explained by the fact that the
concentration of acid also greatly influences the hydrolysis and condensation rates of the silica
precursor, where a slower hydrolysis or condensation rate could lead to smaller shells.®® In
agreement with this idea, the pore sizes of the resulting hollow silica shells obtained from
porosimetry (Figure 6.2(e)) and measured from TEM (Figures 6.2(a-c)) decrease with decreasing
acid concentration. When [HCI] decreases, there is also an increase in shell aggregation as
observed from the TEM images in Figures 6.2(a) to 6.2(c). This increased aggregation is likely
due to the decrease in the density positive charges on the silica surface; higher charge density or

zeta potential is known to increase the inclination for the micelles to aggregate.
Effect of micelle constituents

We next examined the effect of varying the mass of F108 added (HS-1111, HS-1211, HS-
1311), the effect of varying the volume of xylenes added (HS-1111, HS-1121, HS-1131), and the
coupled effect of varying both components (HS-1111, HS-1221, HS-1331) on the micelle size and

the size of the resulting hollow shells.

Pluronic F108: As the concentration of Pluronic F108 in solution increases, the size of the
resulting shells decreases, as depicted in the TEM images, Figures 6.3(a) — 6.3(c). From DLS in
Figure 6.3(d), the size of the micelles remained constant when the concentration of F108 was
increased from a relative molar content of 0.01 to 0.02, but increased slightly at a relative molar
content of 0.03, the highest concentration of Pluronic F108. A similar trend has been reported in
the literature for aqueous solutions of Pluronic micelles.3” There, while the size also initially

remained the same, a dramatic increase was observed for higher weight contents of the Pluronic
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Flgure 6.3. Examlnlng the effect of micelle constituents on the structure of silica shells. Part
(a) shows a reference TEM image of HS-1111 synthesized using the parameters from literature.
TEM images (b) and (c) and DLS spectra (d-e) demonstrate the effect of changing the mass of
F108 added to the size of hollow silica shells. Panels (f-i) illustrate the effect of changing the
volume of xylenes added to the solution on the size of the hollow shells produced and panels

(j-m) show the influence of changing both F108 and xylenes content on the size of the resulting

shells

block copolymers as a result of polymer aggregation. We hypothesize that the very small increase
in our data indicates that we are primarily in the low concentration regime, and may be affected
by the presence of xylenes. Despite the similar micelle sizes observed in our DLS data, both the
core size and the overall size of the shells decrease as the F108 concentration, and therefore micelle
concentration, increases. This can be seen in the decrease in diwt and dcore measured from TEM in
Figures 6.3(a) - 6.3(c) and the decrease in dcore measured via N2 porosimetry in Figure 6.3(¢e). These

decreases are likely the result of silica partitioning. If we assume that TEOS distributes equally in
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each micelle, as the number of micelles increases, the ratio of silica/micelle decreases. As a result,
there is less TEOS in each xylene-stabilized PPO core to hydrolyzes and condenses at the PPO-
PEO interface and form silica, resulting in smaller particles. In addition to a decrease in core and
shell size, there is some increased polydispersity in the shells produced, most likely due to a lower

ratio of xylenes/polymer which could result in less stable micelles.

Xylenes: Organic solvents like xylenes are often used to dissolve the PPO core and act as
pore expanders in synthesis of porous materials.?%3#2° However, we observe that instead of an
increase in pore size when the concentration of xylenes increases in samples, there is a decrease in
dcore, @s shown in the TEM images Figures 6.3(a), 6.3(f) and 6.3(g), and in the N2 porosimetry,
Figure 6.3(i). However, DLS of the micelles, Figure 6.3(h), shows that the micelles are all
approximately the same size. This suggests that the PPO core of the micelle is fully saturated with
xylenes and there is an excess that goes to the exterior of the micelles and causes the micelle to
shrink. Previous reports of this phenomenon attribute this shrinkage to a repulsion between the
PEO blocks of the polymer and the excess xylenes.?*4% We hypothesize that the reduction in dcore
may due to some partitioning of the TEOS into the excess xylenes and out of the PPO cores, which

would produce a similar effect to adding more F108, as previously observed.

F108 and xylenes: The overall solution is more concentrated when the ratio of both F108
and xylenes are increased. From the DLS in Figure 6.3(l), the peak intensities of the micelle
diameters are all similar. However, although the maximum sits at a similar diameter value as the
other samples, for the highest concentration of micelles (1331) the overall number weighted
intensities are shifted slightly to smaller sizes. This may be due to the lower water content in the
more concentrated solutions. It has been shown that when the water content increases, the micelle

tends to become larger and more asymmetric.®” However, in the range examined, this asymmetry
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is not observed. When the different concentrations of micelles are coated with equal amounts of
silica, there are significant decreases in both dwt and deore from TEM (Figures 6.3(a), 6.3(j) and
6.3(k)), as well as in dcore from N2 porosimetry (Figure 6.3(m)). This decrease is also most likely
the result of the aforementioned TEOS partitioning, where there is a smaller volume of TEOS per

micelle as the concentration of xylene-stabilized micelles increases.

Overall, we were able to systematically reduce the size of the shells from a total diameter
of 32 £ 5 nm and a shell thickness of 7 £ 2 nm, to a total diameter of 13 + 1 nm and a shell thickness
of 3 £ 1 nm. With these new colloidal building blocks in hand, we set out to assemble the hollow

silica shells in to mesoporous monoliths.

Solution Purification and Monolith Assembly
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of the toluene and emulsion layer were retained and dried at 80 °C to produce a powdered sample
of the residue, then analyzed by thermogravimetric analysis (TGA) in air to quantify the decrease
in polymer content of the sample after each extraction (Figure 6.4). The change in the relative mass
as a function of time and the temperature at that time are shown on the left and right axes,
respectively. The samples were first held at 120 °C for 30 minutes to remove any remaining solvent,
then heated to 575 °C and held for 20 minutes to completely remove the Pluronic block copolymer.
There is a sudden temperature increase at 40 minutes from 153 °C to 213 °C, and for the first
aliquot, there is an accompanying rapid mass drop from ~ 95% to 50%. The temperature increase
is due to an exothermic combustion of the PEO blocks. There is then a more gradual mass loss as
the temperature continues to increase to 575 °C, then the relative masses of all samples plateau as
all polymer is removed and only silica remains. The mass retrieved at the plateau after the
combustion of the polymer all belonged to silica. For aliquot 1 about 26% of the total mass
remained, while for the subsequent washes, 42 to 43% of the total mass remained. Therefore, by
liquid-liquid extraction, we were able to reduce the mass of polymer in the toluene — emulsion
mixture from 74 % to 57 %. Liquid-liquid extraction was therefore able to remove about 17% of
the polymer from the solution. We believe this 17% was uncoated polymer that was in excess in
solution, while the approximately 57% of polymer that remained was coated with silica and thus

could not be removed using this technique.

After the solution was purified, it was either heat treated in a Teflon autoclave at 80 °C for
3 days, or the pH was adjusted to approximately 7. The solutions were then poured in to Teflon
molds and left to gel. Figure ES1 shows that the hollow shells could successfully gel, and that they
dry into a polymer filled composite. To form slabs of hollow silica shells however, we incorporated

a solvent exchange procedure that served to reduce shrinkage of the final monolith, strengthen the
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silica network, and remove some of the polymer in the network before the monoliths were calcined.

Solvent exchange was initiated after the gels detached completely from the walls of the container

and shrunk to about 60% of their original volume. There, the solvent in the pores of the gel was

gradually exchanged from water to heptane. The heptane has a lower surface tension than water,

which reduces the capillary forces exerted on the pores as the solvent evaporates during the drying

process. This gradual exchange is thoroughly described in the experimental and involves first

exchanging the solvent to ethanol, incorporating intermediate steps of a bissilane treatment

followed by a polymer etching process in ethanol, and finally exchanging to heptane. The gels
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Figure 6.5. TGA of a sample of hollow silica shells showing
temperature profile as the hollow shell is heated (black line) and
the mass loss due to Pluronic F108 combustion (colored lines)
before and after one (1) and three (3) acidic ethanol washes to
remove the polymer.

were treated with a
bissilane linker to help
strengthen the gel network.
To produce monoliths of
hollow shells, the polymer,
which  contributes  to
approximately 57 wit% of
dried composite, needed to
be removed. One common
method of polymer removal
is through calcination.

However, the energy used

to thermally remove the polymer ruins the structural integrity of the monoliths and results in

significant cracking, as shown by the optical images in Figure ES2. Alternatively, it has been

shown that the polymer can be removed through extraction using an acidified ethanol solution at
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60 °C.% An acidified ethanol wash was thus employed and was found to significantly reduced the
amount of polymer in the composite. The mass lost from the composite was reduced from
approximately 56% of the composite monolith to about 41% after the first extraction. After three
washes, the polymer constituted approximately 35% of the composite, as demonstrated by the

TGA data presented in Figure 6.5.

After polymer removal, the solvents remaining in the gels were further exchanged to heptane,
since heptane’s low surface tension has been shown to significant relieve cracking upon drying.
The gels were then dried and calcined to produce monoliths of hollow silica shells. The preparation
details of each monolith are shown in Table ES1. The selected silica shell-based hollow monoliths
(HM) that were characterized with TEM and are referred to as HM-dwt/dcore, followed by either
HT for heat treated or PA for pH adjusted, to distinguish between the gelling procedures. It should
be noted that for these samples, diot and dcore refer to the total and core diameters of the shells

measured by TEM from the calcined monolith.
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Figure 6.6. Structural and optical characterization of hierarchical hollow shell-based
monoliths. (a) — (c) Photographs of monoliths assembled from hollow shells of different sizes
and gelling conditions. (a) Photograph of monolith HM-18/10-HT that was assembled from
silica shells with dwt = 18 nm and dcore = 10 nm; the shells were heat treated at 80 °C for 3 days
to facilitate gelling. (b) Photograph of monolith HM-13/7-HT that was assembled from silica
shells with dit = 13 nm and dcore = 7 Nm; the shells were heat treated at 80 °C for 3 days to
facilitate gelling. (c) Photograph of monolith HM-14/8-PA that was assembled from silica
shells with dit = 14 nm and dcore = 8 Nnm. To facilitate gelling, the pH of the solution was
adjusted to 8. Corresponding TEM images of powdered suspensions made from pieces of
monoliths HM-18/10-HT (d), HM-13/7-HT (e), and HM-14/8-PA (f). All images show that
the hollow shells were not damaged during the assembly process. (g) Normalized pore size
distribution with N, adsorption-desorption isotherm measured at 77 K inset of HM-18/10-HT,
HM-13/7-HT, and HM-14/8-PA. (h) Optical transmittance of the monoliths characterized here.
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The full structural characterization of three hollow silica shell-based monoliths referred to as
HM-18/10-HT HM-13/7-HT and HM-14/8-PA is shown in Figure 6.6. The photographs in Figures
6.6(a) — 6.6(c) show that the shells could indeed be assembled into monoliths, while the TEM
images of HM-18/10-HT, HM-13/7-HT and HM-14/8-PA (Figures 6.6(d) — 6.6(f), respectively)
clearly show the that constituents of the monoliths were still hollow shells after the assembly
process. Likewise, the expected double adsorption steps of the N2 adsorption isotherm and double
peaks in the pore size distributions of Figure 6.6(g) are observed for all monoliths, which also
suggests that the hollow shell character is retained upon assembly of the monolith. The porosity
of the samples was calculated from the peak volume adsorbed and found to be 78 % for HM-18/10-
HT, 74 % for HM-13/7-HT and 85 % for HM-14/8-PA. Generally, for a given gelling procedure
(HT or PA), the larger the dtt of the shells, the higher the porosity. In addition, for the monoliths
assembled from hollow shells synthesized using the same solution, pH adjustment increases the
porosity significantly compared to heat treatment.

The normal-hemispherical transmittance of the free-standing monoliths from Figures 6.6(a)-
6.6(c) is shown in Figure 6.6(f). The optical transmittance ranged from 50 — 80 % depending on
the sample studied. Increased scattering from pores or particles is generally responsible for reduced
optical transmittance. From Figure 6.6(f) it can be observed that the transmittance increased as the
diot decreased. The largest source of optical scattering is from the larger inter-particle distance (d;.
p), Which also decreased as the size of the shells decreased. This trend is shown in Figure 6.6(Q)
and is shown even more clearly in the normalized volume-weighted pore size distribution of Figure
S4 of the supplementary information. Overall, by reducing the size of the shells, we were able to
significantly reduce the optical scattering of the monoliths to produce transparent, free-standing

monoliths of hollow silica shells.
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Effect of Gelling Procedure on the Resulting Monoliths

The shells that constitute HM-13/7-HT and HM-14/8-P A were synthesized in a similar manner.
The differences in the shells and resulting monoliths, therefore offer insight to the effect of gelling
procedure (HT vs. PA) on the system. The ditand dcore retrieved from TEM and the dcore measured
from N2 porosimetry from Figure 6.6 were smaller for the sample that was heat treated before
gelling compared to the sample that was pH adjusted before gelling. To confirm that there was
indeed a change to the hollow shell structure, the pore size distributions of other monoliths that
were assembled from the same initial solution but gelled in the two different ways are presented
in Figure ES3. The data shows that indeed the dcore increases when the pH is increased before
gelling. We hypothesize that at the higher pH, some silica from the core is etched away and
redeposits on the outer walls of the shells due to Ostwald ripening. When the pH of the shells
increases, the surface charge of the shells is decreased, which decreases the activation barrier for
the shells to aggregate to form a continuous gel network. This thermodynamically induced
aggregation is more effective than simply heat treating the samples, which kinetically induces
aggregation by increasing the number of collisions. As the shells gel more readily in the pH
adjusted samples, the resulting inter-particle diameter (dip) is greater, and the porosity increases,

as observed in Figures 6.6(g), ES3, ES4 and Table ES1.

Conclusions
This work demonstrates the use of single micelle templating to synthesize and tailor the size of

hollow silica shells. By adjusting the synthetic parameters, we were able to reduce the total
diameters of the shells from approximately 30 nm to approximately 13 nm. The solutions of these
shells were purified and either heat treated or pH adjusted to induce gelling of the shells. The gels
then underwent a series of solvent exchanges and was then calcined to form free-standing hollow
monoliths with controlled pore sizes. The porosity of the monoliths ranged from 68 to 85 % and

73



optical clarity ranged from 50 to 80 %. These monoliths have the potential to be used as semi-

transparent low thermal conductivity coatings in skylights.
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CHAPTER 7

Using Small Angle X-ray Scattering to Examine the Gelling Mechanism in Silica
Nanoparticle-based Monoliths

Introduction
In 2015, 51% of the total energy consumed by households in the United States was used to

power heating, ventilation, and air conditioning systems.! It is therefore imperative that the
insulation efficiencies of building materials be optimized for minimal energy loss to reduce energy
consumption. While a number of materials exist that could adequately insulate roofs and walls,
insulating windows has been challenging since any insulating coating needs to be optically
transparent in addition to having low thermal conductivity. Silica aerogels are a leading candidate
as a thermal insulating coating for window applications.? This is due to their ability to achieve
porosities > 90% and thermal conductivities as low as 13 mW/mK.® However, most aerogel
syntheses result in large pore sizes that scatter light (reducing transparency) and low material
density that reduces their mechanical robustness.*

Silica aerogels are typically synthesized from molecular-based precursors. The silica
precursors, often tetraalkoxysilanes or trialkoxylaklylsilanes, polymerize to form a gel network.
This polymerization process occurs in three stages.> The monomers first hydrolyze and condense
to form 2 - 4 nm short-chained oligomers. These oligomers then grow to form colloidal
nanoparticles that aggregate into clusters that eventually span the length of the solution and form
the gel network. The gel then ages and is strengthened as the crosslinking continues. Solution
conditions such as pH, concentration of the reactants, and solvent type can affect the formation of
the gel. Often the contributions of each condition cannot be fully separated since the overall gelling
and aging process is not linear. As such, manipulating the gelation process to optimize the final
aerogel structure can be difficult. Nevertheless, by using modified silica precursors, great strides

have been made to produce gels with superior optical and mechanical properties.®
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Marszewski et. al. previously used commercial silica nanoparticles as precursors to make
xerogels and aerogels. In their first study, they aggregated the colloids to form a gel using an
evaporation-driven approach on a liquid PFC substrate. The resulting xerogels had porosities
between 46% and 56% and optical transparencies greater than 90% due to their small pores, with
widths less than 10 nm. However, as a result of their low porosities, their thermal conductivities
were high, at approximately 104 mW m™ K. In their second study, they reduced the pH of the
colloidal solution to reduce the surface charge of the colloids. This resulted in aggregation of the
colloids and facilitated quick gelation of the network. The solvent in the wet gel was then gradually
exchanged to one with a lower surface tension (octane), and the gel was dried to form an aerogel
monolith. The resulting nanoparticle-based aerogel had porosities from 70 % to 81 % with thermal
conductivities as low as 80 mW m™ K1, However, due to their large pores (between 14 and 26
nm) their optical transmittances were only as high as 83%. These materials were still not as porous
as some aerogels made from molecular-based precursors and had higher thermal conductivities,
and they were not as optically transparent as their predecessors that were made from the
evaporation-driven approach. However, these two approaches (evaporation-driven vs solution-
driven) to gelation of the particles and their resulting monoliths represent two extremes of
mesoporous monolith preparation. In addition, since the colloids are formed before they aggregate
to form monoliths, the aggregation process during gelling can be isolated from the hydrolysis and
growth processes that occurs concurrently in aerogels made with molecular-based precursors. As
such, the synthesis of these nanoparticle-based aerogels is a good model system for specifically
understanding the colloidal aggregation process that leads to the gel network. This understanding
can then be extended to molecular-based systems and used to optimize the optical transparency of

the final aerogel.
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By understanding the nanoparticle aggregation processes, the synthetic parameters can be
optimized to prepare optically transparent, low thermal conductivity materials. This optimization
is challenging, however, because the parameters needed to increase optical transparency work
counter to those that are needed to reduce the thermal conductivity of porous materials.
Specifically, thermal conductivity decreases with an increase in porosity, which is easily achieved
by larger pores within the material; however, larger pores lower the transmittance of visible light
as it increases volumetric and surface scattering in the visible regime.

As the heat conduction path length is determined by the silica backbone, not the size of the
pores, the need to reduce pore size is driven by improving optical performance.'® Two approaches
to reduce the pore size while maintaining a high porosity are changing the aggregation mechanism
of nanoparticles by fine-tuning solution conditions and using smaller nanoparticles (<12 nm) to
prepare the monolithic slabs. Specifically, by changing the pH, and therefore the surface charge of
the colloidal solution before casting the gel, the interactions between the repulsive double-layer
and attractive dispersion forces that dictate the aggregation rate and mechanism of nanoparticles
can be tuned.!! Further, using smaller nanoparticles also decreases pore size because the pore size

is directly related to nanoparticle size at a fixed porosity.*2
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Experimental
The pH of commercially available nanoparticle solutions (Nalco 2326, LiSol3 and LiSol 6)

were adjusted to the desired value using HCI. Next, 8 mL of each solution was gently poured over
perfluorocarbon (PFC) liquid in a cylindrical PTFE mold and placed in a 25 °C oven to gel and
age. The water filled wet gel was then transferred to a jar with 50 mL of a 1:1 ethanol/water mixture
for solvent exchange. After three hours, the solution was exchanged every three hours with (1) 50
mL of ethanol (three times), (2) 50 mL of 1:1 ethanol/heptane mixture, and (3) 50 mL of heptane
(three times). The heptane filled gel was then placed in a container covered with plastic wrap to

dry at ambient temperature and pressure.

Two-dimensional small-angle X-ray scattering (2D-SAXS) patterns were collected at the
Stanford Synchrotron Radiation Lightsource using beamline 4-2 with an X-ray energy of 10 keV
and detector distance of 2500 mm using Dectris Pilatus3 X 1M and Rayonix MX225HE detectors.
The solutions were adjusted to the appropriate pH then quickly injected into quartz capillaries. The
capillaries were placed in a multicapillary holder. The X-ray scattering data was measured using
the multicapillary holder at 55 °C. The 2D-SAXS data was calibrated using silver behenate, then
reduced using the SAXSPipe at the beamline. The reduced SAXS patterns were then fitted using

the Unified fit macro in the Irena package® by applying three Guinier-Porod levels.14-16

Using the Unified Guinier-Porod model, the scattered intensity 1(q) can be expressed as'*’

2p2 2

(@) = Be(@) + 2 [Giexp (—25) + Brexp (- ) (q—)] S@: (1)

i

Here, Bc(q) is the background noise of the instrument, the index i refers to the scattering level, and
Bi and G; are intensity terms related to the Guinier and Porod regimes, respectively. In addition, P;

is the Porod exponent and Ry, is the radius of gyration of level i. The Porod exponent P; varies
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between 1 and 4 and is equal to the mass fractal dimension Dt when P; > 3. The radius of gyration
Rg,i represents the radius of the scatterers. It is defined as the mean-squared of the distances
between the center of mass of the representative scatterers and the geometric center of each
constitutive element (e.g., pores). The Unified Fit was used to obtain P;i, Bi, Gi, and Rg,i. Finally,
since ambigels are not dilute systems, the data were corrected with a structure factor Si(q) to

account for correlations in the system,'®° such that

_r
1+pif(qn)’

5(q)i = (7.2)

with

in(qn;)—qn; i
flany) = 33am=tneos@n) (5

Here, pi describes the degree of correlation (0 < pi < 5.92) and is equal to 8 times the packing
efficiency. A value of pi = 5.92 is the maximum packing efficiency and is obtained from the
packing efficiency of face-centered cubic (FCC) and hexagonal close packing (HCP) lattices.
Finally, ni represents the average center-to-surface distance between the scatterers such that ni >
Rg.i.

The Rg-cutoff parameter was applied to the second and third levels to treat all levels as
representing one population of scatterers.® We were interested in four parameters from fitting the
data. Namely a Porod exponent from the third level, D5, and radius of gyration Rg; for each Level
i =1, 2, 3. The diameters of the associated X-ray scatterers d; was calculated assuming a dense-

sphere shape according to

5
dl' == ZJ;Rgi (74)
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Porosity and pore size distributions were obtained from N2 porosimetry at 77 K using a

Tristar 2020 equipment. Pieces of the monoliths were used. The solutions were degassed for at

least 12 hours at 150 °C before each measurement.

TEM images of the solutions were obtained from a Technai G2 TF20 High-Resolution EM,

CryoEM and CryoET (FEI) at an accelerating voltage 200 kV and a TIETZ F415MP 16 megapixel

4kx4k CCD detector. The TEM grids were prepared by dipping a carbon coated grid in an

ethanolic resuspension of the nanoparticles.

Results

The small angle X-ray scattering pattern for the d = 6 nm sample at pH 6 after 1 hour of

10°k -

10°k

10*

Intensity

10°

102

Level 3 Level 2 Level 1

10*E

0.01 0.1
Q(A™

Figure 7.1. 1D-X-ray scattering data from a
nanoparticle solution with diameter d = 6 nm. The
pH of the solution was adjusted to 6 and the X-ray
scattering data was obtained after 1 hour at 55 °C.
The three clearly defined levels with the radii of
gyration (Rgi) and retrieved fractal dimensions (Di
= - slope) are clearly delineated by the orange
(Level 1), blue (Level 2) and pink (Level 3) regions
of the graph.

gelling at 55 °C is plotted on a log-log
scale, is shown in Figure 7.1. There you
can see the three distinct levels. Using the
Unified fit, we obtain the Rgi of each level,
which allows us to hypothesize the
structures that contribute to the scattering.
From level 3, we retrieved an Rgy of 17 A,
an Rg, of 40 A and an Rgs of 183 A. If we
assume that the networks are made up of
dense, spherical particles, the diameters of
the scatters (di) are calculated to be 4, 10
and 47 nm, for Levels 1, 2 and 3,

respectively. These diameters suggest that

Level 3 (pink) represents the cluster of particles in the gel network, Level 2 (blue) represents the
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nanoparticles themselves and Level 1 (orange) is due to the hairy layer of oligomers that is often
hypothesized to be anchored to the surface of the gel.!! As the solutions gel, we expect to see
changes in Level 3, as this level represents the hierarchical gel structure. As gelling occurs, the
individual nanoparticles should generally aggregate to form larger clusters which would increase
Rgs. As the clusters then interact to form the gel network, the fractal dimension (D3) should
increase. A plateau in D3 suggests that gelling in the network is complete, as no further crosslinking
is occurring in the gel. The SAXS patterns of the solutions as they gel are analyzed to examine the

effects of pHs, concentration, and particles sizes on the gelling mechanism.
The effect of pH:

By changing the pH, the nanoparticle surface charge can be systematically tuned. This
change in surface change dictates the aggregation mechanism and thus the pore size. When the pH
decreases, the charge on the colloids decreases as well. This facilitates gelation of the colloids.
The time-dependent SAXS patterns of the colloidal solutions of the d = 6 nm particles with their
pHs adjusted to 6, 7, 8 and 9 before the experiment are shown in Figures 7.2 (a) to 7.2 (d).
Examination of this data reveals that the solutions at pH 6 and 7 show a clear increase in the Level
3 component while the solutions held at pH 8 and 9 show some Level 3 component that may be
too large and therefore beyond the limit of the detector. Specifically, the sample gelled at pH 8
shows a gradual rise in the Level 3 g-range, but the rise is slow and that region is not quantifiable.
The sample gelled at pH 9, however, shows no significant change in final structure for the duration
of the experiment (8 hours). These observations suggest that by increasing pH, the aggregation of
the gels shifts from solution driven to evaporation driven. The Unified fit was applied to the data

and the results for Rg1, Rg2, Rgs, and D3 of the solution after being adjusted to pH 6, 7 and 8, and
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Figure 7.2. Structural characterization of solutions gelled
from the 6 nm silica nanoparticle solution gelled at different
pHs. (@) - (d) Time-resolved X-ray scattering patterns of
samples gelled at pH 6 (a), 7 (b), 8 (c) and 9 (d). (e) Fitting
parameters for Rg1, Rgz, Rgs and D3 obtained from the Unified
fit to the SAXS data from Figure 7.2(a)- (c). (f) — (h)
Photographs of the mesoporous monoliths made from
nanoparticle solution studied and gelled at pH 6 (f), 7 (g) and
8 (h). (i) Pore size distributions from N2 porosimetry at 77 K
of the monoliths pictured in Figure 7.2(f) — (h).

the results are plotted in Figure
7.2(e). Since Level 3 at pH 8
was not clearly defined, there
IS no Rgs or D3 data for this
sample. In addition, the Rgs
and Dz of the pH 7 sample
could not be resolved at t < 60
minutes and was also not
included. From Rg: and Rg»
we see that the size of the
oligomer layer and the
nanoparticles are, within error,
approximately the same for
each sample, as was expected.
Examination of Rgs and D3 for
the solutions at pH 6 and 7
show a gradual rise and
eventual plateau in both Rgs

and Ds.

The time to gel
(marked by the plateau in Dg3)

increased as the pH of the

solution was increased. This increase was expected, since at higher pH there is a greater surface
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charge density on the particles and therefore greater repulsion and less attraction between the
particles. In addition to the difference in plateau times, the values of Rgs and Ds at the plateaus
also increased as pH is decreased. Specifically, the sample at pH 6 had a final Rgs of ~ 180 A and
and D3 of ~ 1.5, while the sample at pH 7 had a final Rgs of ~ 140 A and a D3 of ~ 1.2. The decrease
in Rgs can lead to smaller pore sizes when the gels are eventually dried which can increase optical
quality of the gels. Examination of the pore size of the gels in Figure 7.2(i) show that, like predicted
from the wet gels, the peak pore widths increase as the pH decreases. When we look at photos of
monoliths made at the different pH’s then dried (Figures 7.2(f) — 7.2(h)), we observe an increase
in optical clarity of the monoliths as the pH increases. However, increasing the pH does lead to
cracking of the gels. The shift in gelling mechanism from solution driven to a more evaporation
driven-approach by adjusting the pH of the solution results in gels with better optical properties

without compromising porosity.
The effect of concentration:

We increased the concentration of the d = 6 nm solution from 16 wt % to 24 % and 32 wt%
by rotary evaporation then examined the change in their structures as the solutions gelled at pH 6.
From the data retrieved from the Unified fit in Figure 7.3(d), we see that Rg; are all approximately
the same values, as are the Rg. Since all measurements were conducted on solutions made from
the same batch, and at the same pH, the similarities in Rg: and Rg> were expected. However, the
values diverge in Rgs, suggesting a difference in the final gel structure. Examination of Level 3
shows that the Rgz of the samples from the 24 and 32 wt% concentration solutions plateau
immediately, while a gradual increase in Rgs is seen in the most dilute sample (16 wt%). However,
there is a gradual increase in D3 for all samples. This suggests that the 24 and 32 wt% samples

formed clusters immediately, which were then gradually connected to form the gel network, while
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aggregation occurred more slowly in the 16 wt% solution. When the solution is more concentrated,
there is an increase in the number of particles per unit volume. This increases the attractive forces
exerted on each particle and would therefore facilitate aggregation more readily, as was observed.
In addition, as the concentration increases, the size of Rgs decreases. This decrease in Rgs is most
likely because there is less space for the nanoparticles to occupy in the more concentrated gels.
When we examine D3, we see no trend with concentration. Strangely the 24% solution has the
highest D. These observations are all corroborated by the time-resolved X-ray scattering data in
Figures 7.3(a) — 7.3(c). The effect of concentration on the pore structure is shown in Figures 7.3(e)
and 7.3(f) obtained from porosimetry of dried monoliths (not pictured). When concentration is
increased, the peak pore diameter decreases, as does the porosity and the full width at 5% of the
peak pore diameter (FW5%M). The FW5%M is an indication of the tail in the pore size distribution
and its decrease suggests that there are less large pores present in the more concentrated solutions.
This would reduce volumetric light scattering and would result in more transparent gels as the
concentration increases. However, increasing concentration also decreases the porosity of the

monoliths.
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Figure 7.3. Structural characterization of different concentrations of the d = 6 nm silica
nanoparticle solution. The pH of all solutions were adjusted to 6 before the measurement. (a) -
(c) Time-resolved X-ray scattering patterns of solutions with nanoparticle concentrations of 16
wit% (a), 24 wit% (b), and 32 wt% (c). (d) Fitting parameters for Rg:, Rg2, Rgs and D3 obtained
from the Unified fit to the SAXS data from Figure 7.3 (a)- (c). (e) Pore size distributions, with
porosities inset, from N2 porosimetry at 77 K of monoliths made from solutions of
concentrations 16, 24 and 32 wt% of 6 nm silica nanoparticles. (f) Peak pore diameter and Full
width at 5% of the maximum peak pore diameter (FW5%M) of the monoliths made from
solutions of concentrations 16, 24 and 32 wt% of 6 nm silica nanoparticles.
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Figure 7.4. Structural characterization of 16 wt% solutions of nanoparticles with different
diameters. The pH of all solutions was adjusted to 6 before the measurement. (a) - ()
Transmission electron microscopy (TEM) images with measured distribution of diameters inset
for the d =5 (a). 6 (b) and 10 nm (c) nanoparticle solutions studied. (d) Fitting parameters for
Rz, Rg2, Rgs and D3 obtained from the Unified fit to the SAXS data from solutions (a)- (c) and
time resolved SAXS patterns in (e) — (g). Time-resolved X-ray scattering patterns of solutions
with nanoparticle diameters of 5 (e), 6 (f), and 10 nm (g). (h) — (j) Photographs of the
mesoporous monoliths made from 16 wt% nanoparticle solutions from nanoparticles with
diameters 5 (h), 6 (i) and 10 nm (j). (k) Pore size distributions from N> porosimetry at 77 K of
monoliths photographed in (h) — (j) made from 16 wt% nanoparticle solutions from
nanoparticles with diameters 5, 6 and 10 nm.



The effect of particle size:

The TEM images of the three particles used for this study are given in Figures 7.4(a) —
7.4(c). The data retrieved from the Unified fit of the time-dependent gelling experiments of
nanoparticles with measured TEM sizes of 5, 6 and 9 nm are shown in Figure 7.4(d). From the
radii of gyration, we see that Rgi1, Rg2 and Rgs all increased with particle diameters. The increase
in Rg: and Rg2, which are related to the size of the coating on the nanoparticle and the size of the
nanoparticles, respectively, were expected. The increase in Rgs with particles is twofold. Since
the gels that make up Rgs are made up of particles with different sizes, it is no surprise that the
Rgs increases with particle diameter. However, the differences in the Rgs are more than afforded
to us by merely changing particle size, suggesting that size of the pores also changes with changing
particle size. More specifically, the pore size increases as particle size increases, confirming that
the size of particles can ultimately influence the size of the pores. The plots of the time-dependent
scattering data shown in Figures 7.4(e) to 7.4(g) show the difference in the SAXS patterns of the

different nanoparticles.

Table 7.1. Structural characterization of monoliths from solutions of different nanoparticle sizes,
obtained from TEM and N2 porosimetry.

TEM particle  Specific surface

Peak pore

Solution Porosity (%)

diameter (nm) area (m?/q) width (nm)
10 10+£3 380 74 16.4
6 61 460 79 18.4
5 51 510 70 11.2

Monoliths made from the nanoparticle solutions are shown in Figures 7.4(h) to 7.4(j). Their
pore size distributions are shown in Figure 7.4(k), and the structural information retrieved from
TEM and porosimetry are listed in Table 1. The pore size distribution of these slabs in Figure 7.4(k)

does not follow the expected trends since the peak pore diameter of the 6 nm sample is greater
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than that of the 10 nm samples. This difference is most likely due to the differences in porosity,
where the porosity of the 6 nm sample was a greater than the 10 nm sample. This abnormal
difference in porosities and pore sizes may stem from the difference in the way these solutions

undergo processing and eventual drying.

Conclusions
Overall, we were able to use SAXS as a tool to study the effects of pH, concentration, and

particle size on the gelling of nanoparticle solutions. We found that increasing the pH of the
solution decreases the pore size but also increases the time for the gels to form. We also found that
we can reduce pore size by concentrating the gels or by using smaller nanoparticles. This work

clearly outlines the complexity of retaining high optical transparencies at higher porosities.
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CHAPTER 8

Using Small Angle X-ray Scattering to Examine the Drying Mechanism in Molecular-
based Silica Aerogels
As a mesoporous gel dries, the structure shrinks to its final form as the solvent is removed and
pores gradually empty. Excessive shrinkage leads to cracking of the monoliths, while the rate at
which the pores empty can systematically influence the final size of the pores. In this chapter, we
conducted in situ, SAXS studies of the gels as they dried at different air flow rates to understand
the change in mesoscale structure. We found that as the gel dries, the structure changes to
accommaodate the loss of solvent and found that there may be a critical window of time that needs

to be precisely tuned in order to influence the final optical properties of the gels.

Introduction
Silica aerogels are highly porous (> 90% porosity) materials with high specific surface

areas (500 -1200 m? g%) and are used in applications such as thermal management since they have
ultra-low thermal conductivities (< 0.05 W mK?1) 14

Mesoporous monoliths like aerogels can be synthesized from molecular sol-gel precursors,
that hydrolyze and condense to form the silica network,® or pre-formed silica colloids,® where the
controlled aggregation of the colloidal precursors result in a gel network. The wet gels, filled with
alcohol or water as the solvent, are aged to strengthen the silica network, then dried. The final
porosity of the dried gels hinges greatly on the drying process. If the gels are dried ambiently, from
the alcoholic or aqueous they were synthesized in, they significantly shrink and the porosity of the
dried gel is low (<50%). These dried monoliths are referred to as xerogels and this shrinkage is
due to the high capillary pressure exerted on the gel as the high surface tension alcohol or water
solvent evaporates. This process can also result in significant cracking in the final material unless

the gels are dried very slowly. To counteract this shrinkage, a solvent exchange step is added
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between aging and drying. During solvent exchange, the solvent in the gel is gradually replaced
by another solvent with low surface tension that would exert less capillary stress on the gel as the
solvent is removed. The shrinkage during drying is then minimized, and high porosity gels, with
little to no cracking, referred to as aerogels are formed.

Classical aerogels are produced via super critical drying.! There, the solvent of the wet gels
is exchanged to a supercritical fluid that has almost no surface tension and therefore exerts little to
no capillary forces on the gel is as it leaves. In an essence, the pores are frozen in place and the
resulting porosity is very high. However, supercritical drying is costly, relatively dangerous and
not readily scalable. In addition, the large pores of aerogels result in significant optical scattering
so they cannot be used in applications, such as window insulation, that require high transparency.’*
As such, there is ongoing research to produce aerogels in conditions that do not require super
critical drying to reduce the cost of production as well as to tune the pore size.23%1!

As an alternative to super critical drying, gels with porosities greater than xerogels, can be
formed when the alcohol or aqueous solvent in the pores is replaced with a lower surface tension
solvent such as octane and heptane before drying at ambient conditions.? These gels are often
referred to as ambigels since they are ambiently dried. Further work has found that when the wet
gels are treated with hydrophobic silane coatings during the solvent exchange process, all reactive
hydroxide groups are removed and any further crosslinking of the silica gels as they dry is reduced.
This increases the porosity of the material even further. This reduction in crosslinking is known as
the spring back effect.!*** The ambient drying process can be more readily integrated in to
manufacturing processes if it was faster. By studying the change in the mesoscale structure of the

gels during this process, we can attempt to speed up the drying process by introducing air flow
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during drying, and maximize the production of crack free gels with additional favorable properties,
such as high porosity and small pore size.

Scherer documented the drying process in mesoporous materials and have broken it down
to two parts.!* In the constant rate period, solvent evaporates from the surface of the gel. The gel
shrinks uniformly as the solvent is removed. When the gel can no longer shrink, the falling rate
period begins. During the falling rate period, air infiltrates the solvent-filled pores and the solvent
is evaporated from in the porous monolith. In mesoporous material, the onset of the falling rate
period is marked by an optical transition from the transparent wet gel to a cloudy gel which then
becomes transparent or translucent when the gel is fully dry.

In this work we will use small angel X-ray scattering (SAXS) to study the changes in the
gel structure as it dries with or without a constant flow of air. SAXS is a powerful tool that can be
used to study these mesoporous materials. From the diffuse X-ray scattering data, we can retrieve
any changes to the radius of gyration (which related to the size of the scatterers — pore size) and
the fractal dimension of the network (which is related to the how cross linked the network is) as
the gel dries. Our goal is to compare change in nanostructure that occur during drying with
different air streams, as quantified by SAXS, to the final pore sizes obtained when the gels are

dried, either with or without the assistance of constant stream to decrease the drying time.

Experimental
Synthesis of silica gels: Silica ambigels were synthesized as previously described.? In brief,

6.3 mL MTES, 10.5 mL TEQS, 14 mL ethanol, 7.5 mL formamide and a mixture of 4.25 mL water
were first combined with 180 pL of concentrated hydrochloric acid in a fume hood. The solution
was stirred for an hour at room temperature, then 15.7 mL of 2 M NH4OH was added. The stirring

was continued for about 1 minute, then the mixture was quickly transferred to a polystyrene mold
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before it gelled. The mold was sealed with tape and the gel was heat treated for 4 hours at 55 °C
before starting the solvent exchange process. The liquid in the pores was exchanged from the
ethanol-water mixture to pure heptane. The gels were treated with 2% TMCS in the penultimate

heptane exchange step to increase the porosity of the gel.

SAXS measurement and modeling: The fast evaporation rate of ambigels dried from
heptane and the shorter drying time made it possible to investigate the changes to the nanometer
scale structure in the ambigels during drying using in-situ Small Angle X-ray Scattering (in-situ
SAXS) measurements. The intensity 1(q) scattered by the drying ambigels was collected at the
Stanford Synchrotron Lightsource (SSRL) using beamline 1-5 with a wavelength of 0.1033 nm
operated at an X-ray energy of 12.002 keV. The ambigels were placed in a custom-made
environmental chamber that allowed for air flow to dry the monoliths in a shorter time frame than
in stagnant air. The sample-to-detector distance was approximately 3 m and a SX-165 CCD
detector was used (Rayonix, L.L.C., Evanston, IL). The in-situ SAXS data was calibrated using
silver behenate and reduced using the Nika package from Igor Pro (WaveMetrics, Inc., Portland,
OR).™ The reduced data was modeled with a Unified Guinier-Porod model using the Unified Fit
Macro of the Irena package from Igor Pro'® since it is adapted to model disordered structures and
it can easily combine the scattering from multiple levels.

For most materials, the typical X-ray scattering pattern of disordered structures such as the
synthesized mesoporous monoliths consists of two distinct regimes, namely (i) a Guinier regime

at low scattering wavevector g, which has a knee-like feature, and (ii) a Porod regime at high q.

The scattering wavevector g (in A%) can be defined as g = 2229

, where 0 is the scattering angle.

Using the Unified Guinier-Porod model, the scattered intensity I1(q) can be expressed ast’8
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2p2 2p2

Giexp (_ a :91-) + B;exp (— %) (i>Pil S(q); (8.1)

a;

1(q) = Be(q) + X4

Here, Bc(q) is the background noise of the instrument, the index i refers to the scattering level, and
Bi and G;j are intensity terms related to the Guinier and Porod regimes, respectively. In addition, P;
is the Porod exponent and Ry, is the radius of gyration of level i. The Porod exponent P; varies
between 1 and 4 and is equal to the mass fractal dimension Dti when P; > 3. The radius of gyration
Rg,i represents the radius of the scatterers. It is defined as the mean-squared of the distances
between the center of mass of the representative scatterers and the geometric center of each
constitutive element (e.g., pores). The Unified Fit was used to obtain Pj, Bi, Gi, and Rg,i. Finally,
since ambigels are not dilute systems, the data were corrected with a structure factor Si(q) to

account for correlations in the system,*%2 such that

1

(@i = 1+pif (@)’ (82)
with
Flqn)) =3 sin(qm);z?cosmm). (8.3)

Here, pi describes the degree of correlation (0 < pi < 5.92) and is equal to 8 times the packing
efficiency. A value of p; = 5.92 is the maximum packing efficiency and is obtained from the
packing efficiency of face-centered cubic (FCC) and hexagonal close packing (HCP) lattices.
Moreover, ni represents the average center-to-surface distance between the scatterers such that n; >

Rg,i.
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Optical measurements:

The normal-hemispherical transmittance (7,5, ;) of the mesoporous silica monoliths was measured
at each time interval with a double-beam UV-Vis spectrophotometer (Shimadzu 3101-PC, Kyoto,
Japan) and an integrating sphere with an internal diameter of 60 mm (Shimadzu ISR 3100). The
reference signal (B,) and the normal-hemispherical transmitted signal (S,,; ;) through the sample
were measured under collimated and normally incident radiation and corrected for the dark signal

D, to yield the sample normal-hemispherical transmittance given by

Snha—Da
Tana =5 5= (8.4)

The dark signal D; was collected when no light entered the integrating sphere. The reference signal
B, was measured in the same configuration as for S, ; but without sample. Note that for the
measurements of drying silica ambigels, the samples were in a Petri dish to slow the drying process
and to prevent cracking. Therefore, to estimate the normal-hemispherical transmittance T, ; and
haze h; of silica the ambigels, the signals B; and M, were measured with an empty Petri dish in
front of the integrating sphere's port to account for its transmittance and reflectance. The visible

transmittance T,,;; were calculated by weighting the spectral normal-hemispherical transmittance
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T,n2 by the photopic spectral luminous efficiency function V, of the human eye in daytime
between wavelength of 380 and 780 nm,?% j.e.,

780 V/lTnh,/l dA

T. = J3g0
vis — 780
f380 VydAa

(8.5)

Here, V, was tabulated in Ref. [21].
The pore size distribution was obtained from N adsorption porosimetry at 77 K using a
Micrometrics Tristar 11 3020 on the dried monolith. Before each measurement, the samples were

degassed under vacuum for at least 12 hours at 120 °C to remove all water from the pores.

Results and Discussion
The effect of drying on the structure of the ambigel: Small-Angle X-ray Scattering (SAXS)

measurements were conducted on ambigels as they dried to examine any change to the

nanostructure during drying.
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Figure 8.1. In-situ Small Angle X-ray Scattering (SAXS) patterns of an ambigel monolith drying
in a nitrogen flow of 0.5 scfh. (b)-(d) Changes in radius of gyration Rg1 and fractal dimensions
Dt1 and Ds retrieved from SAXS patterns as a function of time.
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Figure 8.1(a) presents the time dependent SAXS patterns of an ambigel drying in a nitrogen flow
with a volumetric flow rate of 0.5 standard cubic feet per hour (scfh). The scattered intensity 1(q)
is based on the difference in X-ray scattering length densities of the solvent and silica network,
and the size and volume of the scatterers?. Figure 8.1(a) shows that the SAXS pattern of the
ambigel changed over time, indicating structural changes at the nanoscale as the ambigel dried. At
t = 0, the SAXS pattern displays a Guinier region, when g < 0.3 A with a knee-like feature that
can be modeled to give the radius of gyration that characterizes the change in size of the scatterers.
The scattering pattern also features a Porod region when g > 0.3 A, which can be modeled to
give the fractal dimension of the network characterizing the change in cross linking. The gradual
changes in the scattered intensity 1(q) in the first 40 min of the drying and then the abrupt change
at t = 40 minutes indicate that the transition between the constant rate and falling rate periods.
During the constant rate period, the intensity of the scattering pattern 1(q) decreased as a result of
the reduced volume of scatterers as heptane evaporated from the network and the ambigel shrank.

The changes in the nanostructure at the onset of the falling rate period (tr = 40 min) is
marked by a change in the scattering profiles of the network. For t > tr the scattered intensity 1(q)
dramatically increases and shape of the scattering pattern also changes radically. The changes in
the scattering pattern results from the formation of a second scattering level that occurs dominantly
at g < 0.2 A, This new level can be attributed to the formation and growth of dry domains with
large sizes. Only the Porod region of this new level is observed since the domains are sufficiently
large that most of the scattering is beyond the detector limit at very low angle. As a result, the
radius of gyration, Ry, of the second level of scattering corresponding to the dry domains could
not be retrieved from the SAXS patterns. In the region 40 min <t <55 min, we are thus able to fit

3 parameters: the radius of gyration, Rg 1, and fractal dimension, D1, of the first level of scattering
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corresponding to the network scatterers, and the fractal dimension of the dry domains, Ds, (Figure
8.1(b)) When t > 55 min, the scattering from the second level disappeared, as shown by the return
of the typical Guinier-Porod shape to the scattering curves. As expected, the intensity of the final
curve (t = 110 min) is larger than the intensity of the initial SAXS pattern (at t = 0) due to the
increase scattering contrast between air and the silica network compared to heptane and silica.?*
The changes observed in the scattered intensity 1(q) were analyzed using the Unified Fit to
determine the radius of gyration Rg1 and the fractal dimension Ds1 of the network, and the fractal
dimension D of the second scattering level, plotted in Figures 8.1(b). Figure 8.1(b) shows that
during the constant rate period, the radius of gyration Rg1 of the network decreased, although the
size of the silica particles forming the solid framework likely remained unchanged or grew slightly.
This change in Rg,1 is therefore attributed to drying induced shrinkage of the pores. Interestingly,
the radius of gyration Rg.1 = 24 A at the end of this initial drying period when t = 40 min, is smaller
than that at the end of the drying process, i.e., Rg1 = 53 A when t = 110 min. This can be attributed
to the so-called “spring back effect" that occurring in organosilane gels, like the ambigels studied
here.® The pores size decreases during drying, but because the network cannot crosslink into that
compressed configuration, it expands back once the capillary forces associated with drying are
removed. During the falling rate period, Rg1 increases and then gradually decreased as a result of
the incorporation of air pockets into the network. The primary X-ray scatterers consist of three
phases with distinct X-ray contrast: air, heptane, and silica. Rgq,1 is larger than expected from 40 to
60 minutes because small air pockets with sizes overlapping the silica pores are mixed into the
level 1 fits in during this time period. After approximately 60 minutes, the value of Rg1 again
becomes constant, indicating that the structure has fully transitioned from a heptane-air-silica

network to an air-silica network. Note that, to the best of our knowledge, the individual
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contribution of silica in this three-phase system cannot be accurately separated from that of heptane
and air unless there is some contrast variation as is done with Anomalous SAXS (ASAXS) or
Small-Angle Neutron Scattering (SANS).252 Finally, we note that the ending value of Rg1 = 53
A is smaller than its initial value of 80 A, as expected, since the network shrank during the constant
rate period.

Figure 8.1(b) further indicates that the fractal dimension of the network Ds. increases
during the initial drying period as the network became less swollen and more clustered as the gel
shrinks. During the falling rate period, the fractal dimension first plummeted to a value of 1.9
before gradually increasing to approximately 3, and then slowly decreasing until it leveled off
around 2.7. We hypothesize that the initial low value Ds1 = 1.9 at the onset of the falling rate period
is due to the scatterers changing to worm-like domains of empty pores as the solvent leaves the
network. The fractal dimension D1 then slowly increases as more solvent is removed and the
network changed from a heptane-air-silica to an air-silica network with only residual heptane in
the pores. As more heptane evaporated from the structure, the fractal dimension decreased until it
plateaued around 2.7 representing the final dry ambigel.

The bottom panel of Figure 8.1(b) shows the changes in the fractal dimension Ds of the
second scattering level that appeared after 40 min at low q that we believe corresponded to the wet
and dry domains. In the first 20 min of the falling rate period (40 min <t > 60 min), this fractal
dimension Ds rapidly increases from 1.5 to 2.3, changes which may or may not have meaning due
to the highly inhomogeneous distribution of scatterers as air pockets begin to form. Once the air
pockets are established, however, the value of Ds> gradually decreases from 2.3 to 1 and then
disappears. These observations suggest that the dry domains start 