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Abstract

The assembly and morphology of pores determine thermodynamic, flow and reactive properties
of confined fluids. However, there is a limited understanding of how pore architectures
dynamically develop in engineered and natural materials. To develop a calibrated understanding
of fluid properties in confinement, the synthesis of architected materials has been proposed. The
design of geo-architected materials has to be informed by the dynamic evolution of the
morphology in response to thermal or chemical events. In this study, we probe thermally induced
morphological evolution of spherical silica nanoparticles 220 = 30 nm in diameter using in-
operando Ultra-Small and Small Angle X-Ray Scattering measurements. The calcination
experiments demonstrated that at temperatures up to 600 °C the pore radii remained in the range
of 2.15 nm — 2.35 nm and the particle diameters in the range of 220 + 30 nm. Sintering these
calcined silica nanoparticles to temperatures up to 1050 °C reduced the pore size from 2.2 + 0.1
nm to ~1.8 — 0.2 nm. These changes corresponded to the formation of siloxane (Si-O-Si) bridges
resulting from dehydroxylation. The characteristic pore radius of sintered particles was also
confirmed by N2 adsorption measurements. These studies represent the use of non-invasive
dynamic characterization methods such as X-ray scattering to elucidate thermally induced

morphological evolution in architected siliceous materials.

Keywords: SiO2 nanoparticles, sintering, X-ray scattering
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1. Introduction

Our known understanding of the properties of thermodynamics ([ 1-8]), transport ([8—14]),
and reactivity ([8,15-17]) of bulk fluids differs significantly from that of confined fluids. These
fundamental differences in fluid properties in bulk and confined environments can be harnessed to
design novel pathways for separations ([18—22]), and the targeted recovery ([23,24]) or storage of
fluids ([25-27]) in natural and engineered environments. To advance a calibrated understanding
of these differences, developing design controls on pore architectures is essential. Specifically, our
ability to harness and in some cases, transform the morphology of siliceous and carbonaceous
materials has yielded several advancements in subsurface and engineered processes. Specific
examples include harnessing silica-rich rocks such as sandstone for carbon storage ([28-35]),
recovery of hydrocarbons from carbonate-bearing rocks ([36—38]), developing novel carbon ([39—
42]) or silica-based materials ([43—46]) for gas separations and conversions, and advancing the
next generation of electronic materials and electrochemical systems ([47-51]).

Another challenge that needs to be overcome in the targeted design of porous materials is
to develop an alternative approach to the repeated and iterative synthesis of materials till the target
morphology and chemistry is achieved. Instead, in-operando analyses of the chemical and
morphological features allow us to identify the underlying phenomena and design scientifically
informed pathways to tune the morphologies and chemistries of porous materials. This research
vision has guided the use of non-invasive in-operando characterization approaches to elucidate the
development of pore structures in architected siliceous materials. In this study, Stober silica
synthesized through ammonia-catalyzed sol-gel process ([52—57]) is one of the material systems
of interest for determining fluid properties in confinement. Extensive research efforts have enabled

tunable controls on the morphologies of silica nanoparticles by changing the aqueous chemistry
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([58—66]) and by heating ([67,68]). Briefly, reactions 1-4 are involved in the synthesis of
monodisperse silica nanoparticles using the Stober process with tetracthoxysilicate (TEOS) as
silica precursor ([69-73]). The synthesis reaction begins with the hydrolysis of ethoxy group to
form Si(OC:Hs)4x (OH)x intermediate species, where the hydroxyl group substitutes the ethoxy
groups in TEOS as given in reaction (1). The ammonia present in the solution acts as a basic
catalyst and provides the hydroxyl anions to initiate the reaction. The hydrolysis reaction is
followed by the condensation reaction. The condensation reaction could follow the two schemes.
The reaction of hydroxyl groups in Si(OC2Hs)4-x (OH)x intermediate with either the ethoxy groups
of other TEOS, called alcohol condensation, or hydroxyl group of another hydrolysis intermediate,
known as water condensation, to form Si-O-Si bridges. Both condensation reactions are presented
in reactions (2) and (3), respectively. The overall reaction explaining the synthesis of silica

nanoparticles from Stober process is shown in reaction (4).

Si(OC2H5)4 + xH20 — Si(OC2H5)4-x (OH)x + xC2HsOH (1)
=Si-OC2Hs + HO-Si= — =Si-0-Si= + C:HsOH (2)
=Si-OH + HO-Si= — =Si-0-Si= + H20 (3)

The overall reaction is:

Si(OC2Hs)4 + 2H20 — SiO2 + 4C2HsOH 4)

While there is extensive understanding of how the solid silica nanoparticles are formed
starting from colloidal systems ([56—66,74—77]), there is a limited understanding of how the
microstructures of silica nanoparticles evolve during the calcination and sintering of these
materials. Understanding these behaviors will allow us to utilize these silica nanoparticles as

building blocks to construct geo-architected materials with repeatable heterogeneity to represent
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naturally occurring materials. Sintering is one of the steps involved in designing geo-architected
materials ([78,79]). To deconstruct the dynamic morphological changes as they occur in these
materials, the following research questions need to be addressed: (1) How do the pore sizes
dynamically change during the calcination and sintering of silica nanoparticles prepared using the
Stober process? (2) What are the corresponding chemical changes associated with the evolving
morphological features?

To elucidate thermally induced morphological changes that occur in these materials, we
harness in-operando synchrotron based Ultra-Small Angle X-ray Scattering (USAXS) and Small
Angle X-Ray Scattering (SAXS) techniques in combination (described as USAXS/SAXS) ([80—
82]). This approach allows us to map the morphological features from sub-nanometer range to a
few microns (~6 pm) ([83,84]). The changes in the pore size distribution and surface area were
also measured using N2 adsorption. The relatively fast scans to the order of three to five minutes
allow us to capture the in-operando changes in the morphological features. The chemical changes
as a result of the thermal treatment are determined using Attenuated Total Reflection-Fourier
Transform Infrared Spectroscopy (ATR-FTIR). In this study, we evaluate the hypothesis that
sintering of silica nanoparticles yields smaller and compact pores. The experimental approach and

the results are discussed in the following sections.

2. Materials and Methods
2.1 Synthesis of SiO2 nanoparticles

Monodisperse silica particles with a diameter of 220 + 30 nm were prepared by the
modified Stober method. Briefly, 11 ml of tetraethoxysilicate (TEOS, Alfa Aesar, 99+ %) was
added to 114 ml of absolute ethanol (Decon Labs) under rigorous stirring at room temperature

(~20 °C) in a 500 ml flat-bottomed flask. In a separate flask, a mixture of 7 ml of ammonia (VWR
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Chemical, 28 wt.% aqueous solution, ACS grade), 72 ml of deionized water, and 46 ml of ethanol
was prepared. The latter solution was added to the former mixture rapidly and stirring constantly
for 24 hours. Silica nanoparticles were separated from the solution via centrifugation at the
acceleration force of 5000xg. Finally, the nanoparticles were washed with deionized water until
neutral pH was reached. The silica nanoparticles were dried in a vacuum oven for 24 hours at room

temperature.

2.2 Experimental Setup and Characterization

The in-operando USAXS/SAXS measurements were performed to determine the
morphological changes during the thermal treatment of silica nanoparticles. The measurements
were performed at Sector 9-ID at Advanced Photon Source (APS) in Argonne National Laboratory
(ANL), Argonne, IL using the original Bonse-Hart double-crystal setup [85,86]. During the
measurements, the total X-ray flux, energy, and wavelength at the sample position were ~10"
photon cm™?s™!, 21.0 keV, and 0.59 A, respectively. Instrument calibrations were performed using
silver behenate[87]. Nika [88] and Irena [89] macros embedded in the IgorPro software
(Wavemetrics, Lake Oswego, OR) were used for data reduction and analysis. The in-operando
measurements were performed in the Linkam TS1500 heating stage (Linkam Scientific Instruments
Ltd., Tadworth, UK) and completed in two steps. In the first step, the pelletized sample was heated
up to the calcination temperature (600 °C) with a temperature ramp of 5 °C/min and then
isothermally heated for 4 hours. In the second step, following the calcination, the sample was
cooled down to 35 °C and then reheated to 1050 °C with a ramp of 5 °C/min following the

isothermal sintering at 1050 °C.

To capture the hierarchical morphological features in these materials, the USAXS/SAXS

data were modeled using the “Modeling II” tool in Irena package [89]. For this purpose, three
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levels of fittings were performed in three different ¢ regions, where ¢ = (4n/A)sin(6/2) and A is the
wavelength of incident X-ray and 0 is the scattering angle [90]. In the low g-region (<0.002 A™!),
which represents the scattering response of larger microstructural features to the order of several
hundred nanometers or a few micrometers, unified fit model was employed. This model is based
on the approach proposed by Beaucage ([91,92]). The fit in each level can be described by a
Guinier regime and a power-law regime. Although the model assumes spherical and
centrosymmetric shape of particles [92], it can be applied to a range of scatterer shapes, like
spheres, rods, lamellae, and cylinders, based on its formulation in terms of radius of gyration (Rg)
and free power-law slope. In the second region, the medium g-range of 0.002 — 0.03 A™!, the
intensity profile was dominated by the scattering from the individual nanoparticles. The scattering
profiles in this region were fitted by utilizing the size-distribution model in modeling II [89].
Finally, in the high g-region (0.03 — 0.7 A™"), unified fit model ([91,92]) was employed. In the low
q part of this region, a plateau is observed which defines a Guinier regime, therefore the size of
the scatterers (in this case, the micropores and fractals) were also approximated along with the
power-law profile. Figure 1 is a schematic representation of these morphological features that
correspond to the combined USAXS/SAXS data.

The changes in the short- and long-range bond order in silica nanoparticles that correspond
to the observed microstructural features were probed using the pair distribution function (PDF)
analysis from total X-ray scattering measurements. These data were acquired during the in-
operando thermal treatment of silica nanoparticles up to 600 °C. The total scattering experiments
were performed at Sector 11 of APS at Argonne National Laboratory using beamline 11-ID-B.
The total scattering from the sample was recorded at an amorphous silicon-based area detector,

2048 x 2048 pixel Perkin-Elmer [93] with a sample-to-detector distance of ~16 cm. Calibrations
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for sample to detector distance, beam energy, beam center and nonorthogonality were performed
using a cerium dioxide (CeO2) standard (NIST diffraction intensity standard set 467a) [94]. The
measurements were performed with an X-ray energy and wavelength of 58.6 keV and 0.2113 A,
respectively. After background and Compton scattering corrections, the PDFs were obtained using
the xPDFsuite software [95].

To evaluate changes in the chemical bonding during thermal treatment processes, infrared
(IR) spectra were acquired in an Attenuated Total Reflection (ATR) mode using an Attenuated
Total Reflection-Fourier Transform Infrared spectrometer (ATR-FTIR, Nicolet™ iS™ 10,
Waltham, MA) for samples treated at different temperatures (100, 150, 200, 300, 400, 500 600,
1050 °C). The spectra were collected in the range of 4000—650 cm ™! with total number of 32 scans
for each run. The changes in the weight % of the silica nanoparticles during heat treatment were
evaluated up to 600 °C and 955 °C for calcination and sintering, respectively, with a ramp rate of
5 °C/min in an N2 environment (purged at 25 mL/min) using a Thermogravimetric Analyzer (TGA,
TA Instruments, Q550, New Castle, DE). Additionally, the pore size distribution and specific
surface areas of silica nanoparticles were determined using the nonlocal density functional theory
(NLDFT, Quantachrome NOVAtouch Analyzer, Boynton Beach, FL) by 77 K N2 adsorption.
These measurements coupled with the X-ray scattering data provided detailed insights into the
evolution of the pore morphology during the calcination and sintering processes. Untreated,
calcined, and sintered silica nanoparticles were also imaged using a scanning electron microscope

(Hitachi S3400 VP-SEM).

3. Results and Discussion

3.1 Evolution of Pore Morphology during the Calcination Process
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The synthesis of model architected materials from spherical silica nanoparticles is a two-
step process in which the particles are calcined at temperatures of 600 °C followed by sintering.
The rationale for this approach is that calcination removes the functional groups such as ethoxy
groups, and adsorbed water and NHs that may remain after the colloidal synthesis of these
materials [96]. Sintering of these materials then could yield the interlinked nanoparticles with the
micropore morphology representative of the geo-architected materials. The limited understanding
of the in-operando evolution of the morphologies of these materials motivate the use of non-
invasive cross-scale characterization of the morphologies of these materials using Ultra Small and
Small Angle X-Ray Scattering (USAXS/SAXS) measurements. The USAXS/SAXS experimental
data during the calcination process is presented in Figure 2. During the ramp to calcination
temperature (Figure 2 (a)), the intensity of the scattering curves (at ¢ > 10"! A™) increases with
temperature suggesting an increase in the number of scattering objects in this g regime [97].

However, during the isothermal heating at 600 °C, the calcination step, no significant
changes in the scattering curves were noted. Additionally, the peak in the higher g-region at g =
1.45 A which corresponds to the (100) atomic plane in SiO2 and d-spacing of 4.32 A remained
almost unchanged during the calcination stage [64]. As explained earlier, the experimental
USAXS/SAXS data were modeled using the Modeling II tool in Irena program [89].
Representative fits for different Si02 nanoparticle samples are presented in Figure S1. To describe
briefly, in the low g-region (<0.002 A™"), where no Guinier plateau regime is observed, the power-
law exponents were obtained by setting the G value to zero [97] and keeping the power-law
exponent as a free fitting parameter. It can be seen from Figure 2 that scattering in this region does
not change significantly and no appreciable changes in the power-law values were noted as

presented in Figure S2. Therefore, the information from this region is not discussed further. In the
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medium g-region (0.002 — 0.03 A™'), the effect of thermal treatment on the size of individual
nanoparticles was approximated by particle size distribution model. Gaussian type distribution was
used to fit the model while utilizing the form factor of spheroid (aspect ratio = 1). In addition to
the form factor, a structure factor for hard spheres was also incorporated in the approximation to
fit the scattering profiles in the low g regime of this region. Particle radius and volume fraction
were set as free parameters for approximation in this range. Finally, the unified fit model was used
to approximate the scattering features in the high g-region (0.03 — 0.7 A™"). The plateau in this
regime was fitted with a Guinier fit and the following higher g-range was approximated by the
power-law exponent. The radius of gyration (Rg) obtained from the Guinier regime provided
insights into the sizes of the nanometer sized pores in the nanoparticles while the power-law
exponent provided information about the fractals present at the pore-solid interface ([91,92]).
Additional details regarding Modeling II and complementary microstructural modeling fits are
described by Ilavsky and Jemian ([86,89,97]) and Lee and co-workers [84].

The particle size volume fraction distribution and power-law slopes obtained from the
modeling of experimental data during the calcination step are presented in Figure 3. The average
size (radius) of nanoparticles slightly decreased from 127 nm to 122 nm during heating to
calcination Figure 3 (a-1). The spherical morphologies of these particles are noted from the SEM
images of the untreated and calcined silica particles shown in the insets of Figures 3 (a-1) and (a-
2), respectively.

Analyses of the morphological features in the g-region of 0.03 — 0.7 A! showed that the
representative pore dimension of the spherical particles is to the order of 2.3 nm and does not
change significantly during the calcination process. Further, the power law slopes determined from

the unified fit tool show that the changes in the pore-solid interfaces decreases from 2.9 to 2.35 on

10
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heating from 35 °C to 600 °C, which corresponds to dehydroxylation ([96,98—100]). These mass
fractal features are representative of pore-solid features in analogous siliceous materials [101].
The USAXS/SAXS experimental data were compared with N2 adsorption-desorption
measurements for untreated, calcined and SiO2 nanoparticles treated at 150, 300, 400, and 500 °C.
The measured N2 adsorption-desorption isotherms are presented in Figure S5. The N2 adsorption
isotherms were modeled to obtain the pore size distribution and cumulative pore volumes for the
SiO2 nanoparticles using the NLDFT model in Quantachrome software using silica as the
adsorbent by 77 K N2 adsorption. The NLDFT modeling provided information about the micro-
and mesopores (up to 16 nm) in the nanoparticles. The pore size distribution and cumulative pore
volume data are presented in Figure 4 for untreated and calcined SiO2 nanoparticles and Figure
SS for nanoparticles treated at 150, 300, 400, and 500 °C. The dominance of the pores with radii
to the order of 2 nm is consistent with the USAXS/SAXS analyses. It can be noted in Figure 4
and Figure S5 that the amount of micropores slightly decrease during and after calcination,
whereas the cumulative pore volume almost remained constant. The surface areas of the samples
were also obtained from the NLDFT model and are reported in Figure S7. It was noted that the
surface area of the particles decreased from 22.184 m?/g to 19.282 m?/g as a result of calcination.
The chemical changes that correspond to these morphological features were determined
using ATR-FTIR spectra analyses. The morphological changes that correspond to temperatures in
range of 25 - 600 °C are associated with the dehydroxylation of SiO2 nanoparticles as indicated by
the changes in Si-OH bond around 950 cm™ in the ATR-FTIR spectra (Figure 5). Moreover, the
changes in the Si-OH bond observed in IR spectra were related with the % weight changes due to
dehydroxylation during calcination as determined by TGA measurements (Figure S2). A weight

loss of about 8.5% was noted for silica nanoparticles as a result of heating to 600 °C.
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We also performed total X-ray scattering experiments to obtain the pair distribution
functions (PDFs) of silica nanoparticles during the calcination process. The PDF of a material
describes its distribution and density of atomic distances ([102,103]). PDF can be obtained directly
from the total X-ray scattering data by applying a Fourier transform on the reduced structure
function S(Q), where Q is the scattering vector. The structure function is related to the PDF (G(r))
directly by:

G(r) = 4nr (p(r) — po) = %/ [, QIS(Q) — 1] sin(Qr) dQ (%)
where r is the interatomic distance, p(r) is the microscopic pair density and p, is the average atomic
density of the material ([103,104]).

The PDFs of SiO2 nanoparticles on heating to the calcination temperature of 600 °C are
shown in Figure 6. The complete dataset for in-operando PDFs is presented in Figure S4. In
Figure 6, the oscillations before the Si-O peak and the two small peaks between the Si-O and O-
O peaks are the termination ripples, a common feature in experimental PDF data, which appears
as a consequence of limited Q range and instrumental contributions [102]. In Figure 6, we noted
that the peak originating from the Si-O interactions observed around 1.61 A shifted to a slightly
smaller bond distance of 1.59 A after heating to 600 °C. Similarly, the peak for Si-Si interactions
noted at 3.08 A initially became broader during heating and eventually shifted to relatively small
value of 2.98 A. It is well understood that the surface of silica contains silanol (Si-OH) groups
([96,100]) which can be removed upon thermal treatment at temperatures higher than 400 °C
through a process called dehydroxylation. During this process, the one OH group and one
hydrogen from the adjacent silanol bonds break away to form water as a result of a condensation
reaction thus, giving rise to a siloxane Si-O-Si bridge [96]. The schematic representing this process

is shown in the inset of Figure 6 These chemical changes could be a reason of shift and broadening
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in the Si-O bond peak (Figure 6) with increasing temperature. This change in bond lengths for Si-
O bond in the first shell could also affect the bond lengths for O-O and Si-Si as noted from our

results.

3.2 Evolution of Pore Morphology during the Sintering Process

To investigate how sintering influences the morphology of the SiO2 nanoparticles, the
USAXS/SAXS experiments were performed in two stages. In the first stage, USAXS/SAXS data
were collected as the temperatures were ramped from 35 °C to 1050 °C at a rate of 5 °C/min
(Figure 7). During heating to the temperature of 1050 °C (Figure 7 (a)), slight increase in the
scattering intensity was observed in the g-range of 0.002 — 0.03 A" until 917 °C. However, in the
g-range of 0.03 — 0.7 A"}, the scattering intensity was observed to be decreasing significantly after
780 °C. This reduction in the scattering intensity could be associated with the decreasing sizes and
number of pores during the sintering process. Similar decreasing trends in the scattering intensity
during isothermal sintering at 1050 °C were observed for the first 90 minutes after which the
scattering intensity almost became constant. Additionally, the diffraction peak at g = 1.45 A! (4.32
A) for (100) plane [64] in SiO2 remained unchanged during the sintering process.

The modeled USAXS/SAXS data during the sintering process are presented in Figure 8.
Moreover, the particle size volume distribution became narrow and relatively higher after 917 °C
(Figure 8 (a-1)) with the peak center shifted from 125 nm to 120 nm during isothermal sintering
at 1050 °C, the volume fraction distribution remained narrow with the peak center shifted to 118
nm (Figure 8 (a-2)). This change in the particle size distribution could be related with the
scattering intensity trends discussed earlier and observed in the g-range of 0.002 —0.03 A! (Figure

7).
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Furthermore, an increasing trend in values of power-law slope was observed after 917 °C
during the heating step (see the red curve in Figure 8 (b-1)). The power-law slope changed slightly
from 2.54 to 2.61 during heating from 35°C to 917 °C, however, it achieved the value of 2.73 after
heating to 1050 °C. As a result of the isothermal sintering at 1050 °C, the power-law slope finally
achieved the value of 2.88 (see the red curve in Figure 8 (b-2)). The values of power-law slopes
indicated the presence of mass fractals at the pore-solid interface within the nanoparticles. This
increase in the power-law slope for mass fractals indicated the emergence of relatively rougher
interfaces ([105,106]). The Rg values, corresponding to the pore sizes, remained almost constant
up to 800 °C and decreased on further heating to 1050 °C (see the black curve in Figure 8(b-1)).

The N: adsorption-desorption isotherms were also obtained for the sintered SiO:
nanoparticles and are presented in Figure 9. The adsorption isotherm was modeled to obtain the
pore size distribution and cumulative pore volume using the NLDFT model as explained earlier.
It can be noted from Figure 4, Figure 9 and Figure S5 that the both the cumulative pore volume
and number of micropores decrease significantly after the sintering process. Additionally, the
surface area of sintered nanoparticles was measured to be 13.005 m?/g as compared to 22.184 m?/g
and 19.282 m?/g for untreated and calcined nanoparticles, respectively. The dominance of pores
with radius of ~ 2 nm was observed in N2 adsorption measurements, which agreed well with the

X-ray scattering data.

The changes in the pore sizes on heating above 800 °C corresponded to the complete
dehydroxylation of SiO2 nanoparticles (> 800 °C) [96]. The weight loss caused by dehydroxylation
was also observed in the TGA curve of calcined nanoparticles during sintering (Figure S3). This
observation was also confirmed by the IR spectrum of the sintered nanoparticles where the

vibrations from Si-OH band completely diminished as a result of sintering (Figure 10). During
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the isothermal sintering stage at 1050 °C, the Rg values slightly increased in the first 100 minutes

and then remained almost constant till the end of the stage (see the black curve in Figure 8 (b-2)).

Based on the changes in the pore dimensions and the corresponding chemical phenomena
([96,98-100]), a mechanism for the changes in the pore-solid interfaces can be developed.
Dehydroxylation of the silanol groups (Si-OH) present on the silica surface yield Si-O-Si siloxane
bridges ([96,100]) (see inset of Figure 6). Residual Si-OH groups persist after calcination as
presented in the ATR-FTIR spectra (Figure 5) and TGA data (Figure S3). The removal of these
residual groups occurs during the secondary dehydroxylation stage at the temperatures higher than

800 °C.

Governed by the breaking and formation of new bonds at high temperatures, the proposed
mechanism is presented in the Figure 11. Briefly, during heating to sintering step at temperatures
higher than 800 °C, the new siloxane bridges (Si-O-Si) forming inside the pores at the pore-solid
interface as a result of secondary dehydroxylation could give rise to rougher pore-solid interfaces
(as noted from the power-law slope (red curve shown in Figures 8 (b-1) and 8 (b-2)) and a
decrease in the internal pore dimensions. These chemical changes could describe the abrupt
decrease in the Rg values from 2.25 nm to 1.84 nm during the heating to sintering step after 800
°C. Furthermore, during the isothermal sintering at 1050 °C, a slight increase in the Rg value (1.98
nm) was noted until the first 90 minutes and remained almost constant during the rest of the
sintering stage and finally achieved the value of 2 nm at the end of sintering. This increase in the
pore dimensions during the sintering process could be explained by the merging of different pores.
Since the USAXS/SAXS signals represent the average scattering from scatterers (in this case

pores), the increase in the Rg values could be associated with the increase in the average value.
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4. Conclusions

We present an experimental methodology to elucidate thermally induced morphological
evolution during the calcination and sintering of silica nanoaprticles, and the underlying chemical
changes associated with these morphological features. The hierarchical morphological
organization is captured using USAXS/SAXS measurements. The results of the pore size of the
samples on sintering from USAXS/SAXS measurements were quantitatively in good agreement
with those obtained from N2-adsorption measurements (NLDFT method). Changes in the short-
range bond order during the calcination process are determined using total X-ray scatteirng
measurements. The underlying changes in the hydroxylation conditions of'silica are captured using
ATR-FTIR measurements. Based on the observations from these measurements, a chemo-
morphological mechanism that corresponds to the thermal treatment of spherical silica
nanoparticles is presented.

On heating to the calcination temperature (600 °C), the power-law slope changed from
around 2.9 to 2.45, indicating the transition of the pore-solid interface from rough to smooth as a
result of dehydroxylation. However, during calcination at 600 °C, no significant changes at the
pore-solid interface and Rg were observed, indicating the dehdroxylation of surface silanol groups
during this step. Furthermore, during heating of calcined nanoparticles to sintering temperatures
as high as 1050 °C, a decrease in the pore size was noted as the temperatures exceeded 800 °C.
This decrease was attributed to the formation of Si-O-Si bridges inside the pores as a result of
dehydroxylation. Isothermal sintering of the calcined nanoparticles at 1050 °C showed the
emergence of slightly large size pore dimensions to the order of 2 nm from as compared to 1.8 nm

pores noted at the beginning of sintering step. These morphological insights gleaned from rapid
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in-operando multi-scale scattering measurements are useful in advancing predictive controls on

the synthesis of siliceous materials for a wide range of scientific and engineering applications.
Supporting Information

Plots of fitted models. Power-law slope values at low g region (< 0.002 A™"). TGA curves
during calcination and sintering processes. Complete PDF dataset. N2 adsorption-desorption
isotherms. Pore size distribution and cumulative pore volumes of SiO2 nanoparticles at 150, 300,

400, and 500 °C. NLDFT surface area of different SiO2 nanoparticles.
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Figure captions

Figure 1. Representative ultra-small and small angle X-ray scattering (USAXS/SAXS)
experimental curve of SiO2 nanoparticles. The curve is divided into three different regions which
were modeled to obtain the information about the physical features of interest.

Figure 2. Ultra-small and small angle X-ray scattering (USAXS/SAXS) experimental data
represent changes in the microstructural features of SiO2 nanoparticles during heating to
calcination temperature (a) and during calcination at 600 °C (b).

Figure 3. Particle size volume fraction distributions of silica nanoparticles approximated in the g-
range of 0.002-0.03 A™! on heating to calcination temperature (a-1) and during the calcination
process (a-2). The changes in the pore morphology in the q-range of 0.03-0.7 A™! as represented
by the characteristic radius of gyration (Rg) (black curve) and the power-law slope (red curve)
during the temperature ramp to achieve the calcination temperature (b-1) and at the calcination
temperature (b-2). The error bars on Rg values and power-law slopes correspond to 3% of error in
calculated values. The insets in (a-1) and (a-2) represent the corresponding scanning electron
micrographs.

Figure 4. Pore size distributions and cumulative pore volumes of untreated (a), and calcined (b)
silica nanoparticles. SiO2 nanoparticles were prepared by the modified Stober method and calcined
at 600 °C for 4 hours.

Figure 5. Changes in the Si-OH and Si-O-Si features for SiO2 nanoparticles heated to different
temperatures and calcined at 600 °C measured using Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR). Bands around 795 cm™, 950 cm™!, and 1054 cm!
correspond to Si-O-Si (sym.), Si-OH, and Si-O-Si (asym.) vibrations, respectively. With an
increase in temperature, the Si-O-Si asymmetric band broadens while Si-OH vibration band ~950
cm’! appears to be diminished in the calcined sample as a result of dehydroxylation of silica.

Figure 6. The pair distribution function (PDF) curves calculated from total X-ray scattering data
during the in-operando heating of silica nanoparticles to calcination temperature (600 °C). Inset
shows the schematic of dehydroxylation process i.e., breakage of silanol (Si-OH) bonds and
formation of new siloxane (Si-O-Si) bridges.

Figure 7. Ultra-small and small angle X-ray scattering (USAXS/SAXS) experimental data
represent changes in the microstructural features of calcined SiO2 nanoparticles during heating to
sintering temperature (a) and during sintering at 1050 °C (b).

Figure 8. Particle size volume fraction distributions of calcined silica nanoparticles on heating to
the sintering temperature (a-1) and during the sintering process (a-2) approximated in the q-range
of 0.002-0.03 A, The changes in the pore morphology in the g-range of 0.03-0.7 A as
represented by the characteristic radius of gyration (Rg) (black curve) and the power-law slope
(red curve) during the temperature ramp to achieve sintering temperature (b-1) and at the sintering
temperature (b-2). The error bars on Rg and power-law values correspond to 3% of error in
calculated values. The inset in (a-2) represent the corresponding scanning electron micrograph.
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Figure 9. Pore size distribution and cumulative pore volume of sintered SiO2 nanoparticles. SiO2
nanoparticles were prepared by modified Stober method, calcined at 600 °C for 4 hours and
sintered at 1050 °C for 4 hours.

Figure 10. Comparison of changes in the Si-OH and Si-O-Si features for untreated, calcined and
sintered SiO2 nanoparticles measured using Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR). Bands around 795 cm™!, 950 cm™, and 1054 cm™ correspond
to Si-O-Si (sym.), Si-OH, and Si-O-Si (asym.) vibrations, respectively. With an increase in
temperature, the Si-O-Si asymmetric band broadens while Si-OH vibration band ~950 cm’!
diminishes completely as a result of sintering at 1050 °C.

Figure 11. Schematic representation of chemo-morphological changes that occurring during
sintering of silica nanoparticles. As a result of heating to calcination temperature (600 °C), primary
dehydroxylation of -OH groups from silanol (Si-OH) bonds generate siloxane (Si-O-Si) bridges
(change from I to IT). Heating the calcined nanoparticles to sintering temperature (1050 °C) results
in secondary dehydroxylation, which starts after 800 °C where Si-O-Si bridges could form inside
the pores (I1I).
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Figure 1. Representative ultra-small and small angle X-ray scattering (USAXS/SAXS)
experimental curve of SiO2 nanoparticles. The curve is divided into three different regions which

were modeled to obtain the information about the physical features of interest.
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Figure 3. Particle size volume fraction distributions of silica nanoparticles approximated in the g-
range of 0.002-0.03 A! on heating to calcination temperature (a-1) and during the calcination
process (a-2). The changes in the pore morphology in the q-range of 0.03-0.7 A™! as represented
by the characteristic radius of gyration (Rg) (black curve) and the power-law slope (red curve)
during the temperature ramp to achieve the calcination temperature (b-1) and at the calcination
temperature (b-2). The error bars on Rg values and power-law slopes correspond to 3% of error in
calculated values. The insets in (a-1) and (a-2) represent the corresponding scanning electron

micrographs.
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Figure 5. Changes in the Si-OH and Si-O-Si features for SiO2 nanoparticles heated to different
temperatures and calcined at 600 °C measured using Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR). Bands around 795 cm™, 950 cm™, and 1054 cm’!
correspond to Si-O-Si (sym.), Si-OH, and Si-O-Si (asym.) vibrations, respectively. With an
increase in temperature, the Si-O-Si asymmetric band broadens while Si-OH vibration band ~950

cm’! appears to be diminished in the calcined sample as a result of dehydroxylation of silica.
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formation of new siloxane (Si-O-Si) bridges.
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Figure 7. Ultra-small and small angle X-ray scattering (USAXS/SAXS) experimental data
represent changes in the microstructural features of calcined SiO2 nanoparticles during heating to

sintering temperature (a) and during sintering at 1050 °C (b).
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Figure 8. Particle size volume fraction distributions of calcined silica nanoparticles on heating to
the sintering temperature (a-1) and during the sintering process (a-2) approximated in the q-range
of 0.002-0.03 A’!. The changes in the pore morphology in the g-range of 0.03-0.7 A as
represented by the characteristic radius of gyration (Rg) (black curve) and the power-law slope (red
curve) during the temperature ramp to achieve sintering temperature (b-1) and at the sintering
temperature (b-2). The error bars on Rg and power-law values correspond to 3% of error in

calculated values. The inset in (a-2) represent the corresponding scanning electron micrograph.
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Figure 9. Pore size distribution and cumulative pore volume of sintered SiO2 nanoparticles. SiO2

nanoparticles were prepared by modified Stober method, calcined at 600 °C for 4 hours and

sintered at 1050 °C for 4 hours.
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Figure 10. Comparison of changes in the Si-OH and Si-O-Si features for untreated, calcined and
sintered SiO2 nanoparticles measured using Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR). Bands around 795 cm™, 950 cm™, and 1054 cm™! correspond
to Si-O-Si (sym.), Si-OH, and Si-O-Si (asym.) vibrations, respectively. With an increase in
temperature, the Si-O-Si asymmetric band broadens while Si-OH vibration band ~950 cm’!

diminishes completely as a result of sintering at 1050 °C.
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Figure 11. Schematic representation of chemo-morphological changes that occurring during
sintering of silica nanoparticles. As a result of heating to calcination temperature (600 °C), primary
dehydroxylation of -OH groups from silanol (Si-OH) bonds generate siloxane (Si-O-Si) bridges
(change from I to II). Heating the calcined nanoparticles to sintering temperature (1050 °C) results
in secondary dehydroxylation, which starts after 800 °C where Si-O-Si bridges could form inside
the pores (III).
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