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rt properties of gas-filled silica
aerogels

Shuheng Xua and Jieren Song *b

Silica aerogel (SA), recognized as an efficient insulating material, is characterized by its extremely low

thermal conductivity (TC) and high porosity, presenting extensive application potential in aerospace and

building energy conservation. In this study, the thermal transport properties of gas-filled SA are explored

using molecular dynamics (MD) methods. It is found that an increase in porosity leads to a significant

decrease in TC, primarily due to enhanced phonon scattering and reduced material stiffness.

Additionally, the TC of SA influenced by gas exhibits a pattern of initial decrease, followed by an increase,

and then a decrease again, driven by complex interactions between gas molecules and pore walls,

phonon localization, and scattering mechanisms. At a gas concentration of 80%, the TC in confined

spaces is significantly increased by nitrogen, attributed to enhanced intermolecular interactions and

increased collision frequency. The impact of gases on the TC of gas–solid coupled composite materials

is also investigated, revealing that gas molecules serve as a “bridge” for phonons, playing a crucial role in

reducing interfacial scattering and enhancing low-frequency vibrational modes, thus further enhancing

heat transfer efficiency. The TC of these composite materials is primarily regulated by the gas-phase TC

in response to temperature, while the response to strain is predominantly governed by variations in the

solid-phase TC. These results provide essential theoretical support and design guidelines for the

development and design of new high-efficiency insulating materials.
1. Introduction

In the context of rapid technological development and
increasing energy demands, the development of efficient
thermal insulation materials has become a critical challenge,
particularly in the elds of aerospace,1 electric power energy,2

energy-efficient construction,3 and the petrochemical industry.4

Silica aerogel (SA),5 with its extremely low thermal conductivity
(TC), high porosity, lightweight nature, and good chemical
stability, shows immense potential in various applications,
including thermal insulation,6 acoustic isolation,7 and optics.8

The complex nanostructure of this material triggers intricate
thermal transport phenomena, including gas molecule colli-
sions, phonon transport, external radiation absorption, and
their coupling effects, making the study and optimization of
these thermal transport mechanisms crucial for enhancing the
performance of nanoporous thermal insulating materials.9

In the study of the thermal transport mechanisms of SA,
methods such as experimental measurements, theoretical
deductions, and numerical simulations are predominantly
used. Researchers have successfully determined the TC of aer-
ogels through various experimental techniques. For instance,
ngineering, North China University of
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Rettelbach et al. explored the effect of temperature and carbon
load on the effective TC of carbon-doped aerogel powders using
the hot plate method.10 It was found that as the load increased,
the contact area between powder particles expanded, leading to
an increase in TC. Lu et al. measured the TC of aerogels of
different densities using the hot-wire method, revealing the
impact of density on the TC of aerogels.11 Wei et al. used the
transient hot strip method to measure the TC of SAs under
various temperatures and pressures, nding that the TC
signicantly decreased as pressure decreased; the TC was
directly proportional to the cube of temperature, and a density
range corresponding to the lowest TC was identied.12 These
studies have claried the direct impacts of parameters such as
particle size, porosity, density, temperature, and pressure on
the TC of SA. However, these studies have yet to delve deeply
into the micro-nature of heat transfer mechanisms, and there
remains a lack of sufficient data to understand the thermal
transport processes at the microscopic level and their funda-
mental inuencing factors. Therefore, further theoretical and
numerical studies are essential for a comprehensive under-
standing of the thermal transport properties and mechanisms
of SA, as well as for improving its thermal management
performance.

In early studies, Fricke et al. experimentally determined the
relationship between the TC of SA and its density, establishing
an empirical model based on gas-phase, solid-phase, and
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra03706e&domain=pdf&date_stamp=2024-06-24
http://orcid.org/0000-0002-4051-9515


Paper RSC Advances
radiative TCs.13 Although subsequent studies by various
scholars proposed diverse empirical models, these models were
oen built under specic conditions, limiting their applicability
and predictive accuracy across different operating conditions.
To overcome this limitation and enhance the accuracy of
theoretical models, researchers have turned to developing
theoretical models based on typical structural units. For
instance, Zeng et al. introduced three types of structural units,
such as crossed rods, crossed cylindrical rods, and crossed
spherical rods, to describe the nanoporous network structure of
SAs and theoretically calculated the effective TC of SAs under
a one-dimensional heat transfer assumption.14 Additionally,
Wei et al. proposed a theoretical model for the effective TC of SA
composites based on the crossed spherical rod model.12 Lu
et al.15 and Zhao et al.16 also used the crossed spherical rod
model to describe the nanoporous structure of SA and proposed
theoretical models for the effective TC of SA composites,
incorporating micron-scale typical structural units of additives.

Additionally, research on numerical calculation models has
been initiated. Spagnol et al. used periodic two-dimensional
regular fractal Von Koch snowake structures and irregular
random structures generated by a nite diffusion packing
model to represent the complex structure of SA, estimating the
effective TC under different density conditions.17 Zhao et al.
further generated a three-dimensional random particle packing
structure to simulate the typical structure of nanoporous aero-
gel materials, using numerical methods to calculate the mate-
rial's radiative heat conduction coupling effects.18 Bi et al.
calculated the TC of SAs using the nite volume method based
on a three-dimensional physical model, employing geometric
shapes such as regular triangular prisms, cubes, octahedra, and
regular hexagonal prisms to represent the structure of SA.19

While these methods simplify or assume the complex structure
of SA to some extent, the establishment and calculation of
models still rely on experimental data to determine specic
parameters, limiting the predictive power and general applica-
bility of the models.

In the eld of TC research for SA, molecular dynamics (MD)
methods provide a means to deeply explore the microscopic
structure and properties of materials based on the computa-
tional simulation of atomic or molecular interaction potentials.
This method can accurately simulate complex actual condi-
tions, including porosity, density, and doping, thus authenti-
cally reecting the microscopic behavior of materials. For
instance, Ng et al. analyzed the TC of SA using MD simulations,
focusing on the specic effects of porosity and density on TC.20

Patil et al. studied the TC of glass ber-reinforced SA nano-
composites, revealing the inuence mechanisms of glass ber
aspect ratio and composite density on TC.21 Yang et al. focused
on the impact of graphene doping on the TC of SA, nding that
the addition of graphene effectively reduces collisions between
gas phases, thereby lowering heat transfer efficiency.22 Addi-
tionally, they investigated the effect of water molecules on the
TC of SA, discovering that the adsorption of water molecules
can ll molecular-level defects, reducing phonon scattering and
thus enhancing TC.23 However, despite the signicant progress
made by the MDmethod in revealing the TCmechanisms of SA,
© 2024 The Author(s). Published by the Royal Society of Chemistry
current research still has limitations. For example, intuitive
characterization methods for the pore structure in aerogels are
not yet mature, and the specic impact of porosity on thermal
conduction mechanisms is not fully understood. In terms of gas
lling, existing studies have not yet clearly revealed the differ-
ences in the impact of various gases like oxygen and nitrogen on
the thermal conductive behavior of SA. The mechanism of
temperature and strain regulation on the TC of gas-lled SA has
not been explored yet. Therefore, a deeper exploration of the
thermal transport characteristics of gas-lled SA and the
development of effective control strategies are crucial for
designing and preparing SA with superior performance and
broader application ranges.

In this study, the thermal transport control mechanisms of
gas-lled SA are systematically investigated using MD methods.
Initially, the impact of porosity on the TC of SA is thoroughly
analyzed. Subsequently, the effects of gas lling on the thermal
transport of SA are studied, with a deep exploration of the TC of
gases at different concentrations within SA, examining the
thermal transport properties of gas-lled SA. Finally, the regu-
latory effects of temperature and strain on the TC of gas-lled
SA are investigated. The ndings provide signicant theoret-
ical support for understanding and optimizing the thermal
transport mechanisms of SA and its gas–solid coupled
composite materials.

2. Methods

The atomic model of SA is created based on the b-cristobalite
silica crystal model, with crystal parameters provided by
Wyckoff.24 Fig. 1a illustrates the three stages involved in the
transition from b-cristobalite silica crystal to SA. In stage 1, the
b-cristobalite silica crystal model is relaxed at 300 K for 50 ps
using the NVT ensemble, followed by an instantaneous expan-
sion to achieve the desired density. In stage 2, the expanded
model is heated from 300 K to the target temperature over 50 ps.
Subsequently, the model that reaches the target temperature is
cooled back to 300 K over another 50 ps, during which the
silica–oxygen network forms as the temperature changes.
Notably, the target temperature is used in the simulation
process to induce the transition from b-cristobalite silica crystal
to SA, where high temperatures facilitate the breaking and
reorganization of the silica–oxygen network, thereby forming
a porous structure.25 In stage 3, the silica–oxygen network
model undergoes energy minimization to ultimately form the
SA model. In constructing the gas-lled SA model, the func-
tionality of the PACKMOL soware package is utilized,26

distributing oxygen molecules randomly within SA according to
predened molar fractions of 20%, 40%, 60%, and 80%. The
energy minimization process eliminates potential instabilities
introduced by molecular insertion, ensuring the reliability of
the model. The lling with nitrogen is achieved by replacing the
corresponding oxygen molecules to maintain the consistency of
the initial distribution.

LAMMPS is used to run all molecular dynamics simula-
tions,27 and OVITO is utilized to visualize the atomic simulation
data.28 The Tersoff potential is employed to describe the
RSC Adv., 2024, 14, 20210–20219 | 20211



Fig. 1 (a) Three stages of the transformation from b-phase silicon dioxide crystal to SA. (b) Computational model of SA.

Table 2 Parameters for N2 in IFF

Parameter Values Unit

Kr 138.5661 eV Å−2

r0 1.0977 Å
3NN 3.4620 meV
sNN 3.614 Å
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interactions among Si–Si, Si–O, and O–O atoms.29 Yeo et al. used
this potential function to study the thermal transport properties
of SAs, with computational results closely matching those re-
ported in experimental studies.30 The IFF force eld parameters
describe oxygen and nitrogen molecules, combining harmonic
bond stretching potentials with Lennard-Jones (LJ) parameters
to achieve simulation errors under 5%, as shown in Tables 1
and 2.31 The 12–6 LJ potential is used to describe the non-
bonded interactions between SA and gases. The force eld
parameters for silicon and oxygen atoms in silica are extracted
from the universal force eld,32 with distance parameters of
4.295 Å for silicon and 3.5 Å for oxygen and energy parameters
of 17.46 meV and 2.61 meV, respectively. The force eld
parameters for interacting atom pairs are obtained from the
arithmetic mean of the distance parameters and the geometric
mean of the energy parameters. The global cutoff distance for
the LJ potential is set to 12 Å.

The Müller-Plathe method is employed to predict the TC of
SA at room temperature.33 The simulation time increment is set
to 0.5 fs, and periodic boundary conditions are applied in all
three directions. Initially, the starting structure is equilibrated
at 300 K using the NVT ensemble for 50 ps. Themodel is divided
along the x-axis into several slabs, each 2 Å thick, with the
central slab designated as the hot region and the slabs at both
ends as cold regions, as illustrated in Fig. 1b. In this step,
simulations are conducted using the NVE ensemble, and the
heat ux Jx is obtained by swapping the velocity vectors of the
Table 1 Parameters for O2 in IFF

Parameter Values Unit

Kr 71.2551 eV Å−2

r0 1.2074 Å
3OO 4.5479 meV
sOO 3.297 Å
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“hottest” atom in the cold slab with the “coldest” atom in the
hot slab every 200 time steps:

Jx ¼ 1

2LyLzt

X
Nswap

1

2
m
�
vh

2 � vc
2
�

(1)

where Ly and Lz are the height and width of the model,
respectively. t is the total time of the swapping process; the
factor of 2 is applicable due to the periodic boundary conditions
along the direction of heat ux; m is the mass of the atom; vh
and vc are the velocities of the hottest and coldest atoms,
respectively. Aer 1.5 ns, the system stabilizes, and the
temperature distribution can be determined by calculating the
temperature of each slab:

Ts ¼ 1

3nkkB

Xnk
i˛k

mivi
2 (2)

where nk is the number of atoms in the slab; kB is the Boltzmann
constant; mi and vi are the mass and velocity of atom i,
respectively. The linear temperature distribution data is
extracted to calculate the temperature gradient VT, and the TC k
is calculated using Fourier's law as k = −Jx/VT. The result is the
average value obtained from four statistically independent MD
runs, with the standard deviation extracted as the error bar.

In MD, the Von Mises stress of each atom can be calculated
to provide a detailed description of the atom's state under
stress. The formula for Von Mises stress is as follows:34
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(3)

where sxx, syy and szz represent the normal stress components
of atom i in the x, y, and z directions, respectively, while sxy, syz
and sxz represent the shear stress components in the respective

planes. The total atomic stress can be expressed as ssum ¼ PN
i¼1

si,

and the average atomic stress is savg = ssum/N, where N is the
total number of atoms.

The calculation of atomic heat ow involves the difference
between the energy ow and the stress power ow, reecting the
net energy transport due to atomic movement, and thus
describing the contribution of the atom to the heat ow. The
expression for atomic heat ow is:

Ji = jeivi − sivij (4)

where ei, vi and si represent the energy, velocity vector, and
stress tensor of atom i, respectively. The total atomic heat ow is
represented by the sum of all atomic heat ows, given by

Qsum ¼ PN
i¼1

Ji.
3. Results and discussion
3.1 Thermal conductivity of silica aerogel

The inuence of porosity on the thermal transport properties of
SA at various target temperatures is explored. All models start
with an initial density of 0.38 g cm−3 and a xed volume of 2.1×
106 Å3. By heating and subsequently rapidly cooling from 1000 K
Fig. 2 (a) Porosity and TC of SA models at various target temperatures. (
represents silicon atoms and pink represents oxygen atoms. (c) VACF de

© 2024 The Author(s). Published by the Royal Society of Chemistry
to 4000 K, SA models with porosities ranging from 79.35% to
82.43% are generated. It is noteworthy that in practical engi-
neering applications, the porosity of SAs oen exceeds 90%.
However, in MD models, excessively high porosity may lead to
structural instability, hence porosity is typically maintained
around 80%. The calculation of porosity employs the atomic
conguration analysis tool developed by Joshi et al.,35 effectively
reecting the material's microstructural characteristics. As
shown in Fig. 2a, as the target temperature increases, the overall
porosity of the SA tends to rise, whereas the TC shows the
opposite trend, decreasing with increasing porosity. This trend
illustrates the signicant impact of porosity on TC. As porosity
increases, the effective path for heat ow reduces, more pores
mean more interface scattering of phonons, thereby lowering
thermal transport efficiency. Fig. 2b displays the microstructure
of SAs at different porosities. As porosity gradually increases
from 79.35% to 82.43%, the size of the pores enlarges, and the
distribution transitions from uniform to clustered, with
enhanced connectivity between pores, while the solid frame-
work becomes sparser and more fragmented. These micro-
structural changes indicate a reduction in TC. The velocity
autocorrelation function (VACF) is a crucial tool for calculating
phonon lifetimes s, providing information on the decay of
atomic vibrations over time and thus insights into phonon
scattering mechanisms. Fig. 2c shows the VACF decay curves for
SA models at different porosities, with the average phonon
lifetimes calculated by integrating the VACF curves. It is
observed that as porosity increases, the VACF decays faster, and
the average phonon lifetime decreases, indicating an increase
in phonon scattering due to pores, which further reduces TC.
The phonon vibrational density of states (VDOS) obtained from
the Fourier transform of the VACF further elucidates the impact
of porosity on TC:36,37
b) Microstructure of SAs at different porosities, where asparagus green
cay curves and (d) VDOS curves for SA models with varying porosities.

RSC Adv., 2024, 14, 20210–20219 | 20213
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DðuÞ ¼
ðN
0

hvðtÞ$vð0Þiexpð�iutÞdt (5)

where the VACF, denoted as hv(t)$v(0)i, is correlated every 2 fs
from the start of the simulation, with a total integration time of
50 ps. As illustrated in Fig. 2d, an increase in porosity leads to
a redshi in the VDOS curves, where the main peaks shi
towards lower frequencies. The growth in porosity results in
reduced connectivity among the framework, thereby lowering
the macroscopic stiffness and facilitating a more relaxed atomic
vibrational environment. With equal energy excitation, the
relative increase in atomic displacement is reected as
a decrease in phonon modal frequencies, manifested in the
VDOS spectra as a redshi of the main peaks. Phonons, as the
primary carriers of thermal energy, have their propagation
speed in the material constrained by stiffness and density. In
the SA models, while the density remains constant, a reduction
in stiffness leads to a decrease in sound speed, which in turn
triggers a reduction in the mean free path and group velocity of
phonons, consequently leading to a decrease in TC. In
summary, the increase in porosity of SA signicantly reduces
TC, an effect stemming from increased phonon scattering due
to the pore structure and the resulting decrease in material
stiffness. The redshi phenomenon observed in VDOS further
conrms the impact of reduced stiffness on phonon propaga-
tion characteristics, thereby lowering thermal transport
efficiency.
3.2 Thermal conductivity of gas-lled silica aerogels

The thermal transport properties of SA lled with varying
concentrations of oxygen and nitrogen are investigated. The SA
Fig. 3 Models of OFSA and NFSA at different filling concentrations, alo
represents nitrogen atoms.

20214 | RSC Adv., 2024, 14, 20210–20219
model used has an initial porosity of 80.99%. SA lled with
oxygen and nitrogen is named OFSA and NFSA, respectively,
with lling concentrations ranging from 20% to 80% molar
fractions. As shown in Fig. 3, as the gas concentration increases,
the distribution of oxygen and nitrogen molecules within SA
becomes increasingly dense, particularly at 80%, where the
gases are observed to almost ll the entire porous structure. To
understand the specic impact of the two gases on the porosity
volume, calculations of porosity are conducted. The results
indicate that porosity signicantly decreases as gas concentra-
tion increases. From 20% to 60% concentration, the impact of
oxygen and nitrogen on the pore volume tends to be consistent.
However, when the lling concentration reaches 80%, the
porosity of OFSA is slightly higher than that of NFSA. This
difference is due to the relatively larger effective size of oxygen
molecules, leading to more pronounced repulsion effects
among oxygen molecules at high lling states, thereby leaving
more unoccupied pore space.

Fig. 4a shows the impact of gas lling from 0% to 80%
concentration on the TC of SA. The TC of SA under the inuence
of oxygen and nitrogen gases experiences a trend of initial
decrease, followed by an increase, and then another decrease.
This non-monotonic behavior indicates a complex thermal
conduction process at different gas concentrations. To investi-
gate the underlying mechanisms, the effects of gas lling on the
structural characteristics of SA, atomic vibrational properties,
and atomic stress are studied. Fig. 4b–d respectively show the
porosity, VDOS, and average atomic stress at different gas
concentrations. Given the nearly identical impact of nitrogen
and oxygen on the TC, only nitrogen lling is shown in Fig. 4c
for the study. In the initial stages of gas lling, the porosity of SA
ng with their porosity, where red represents oxygen atoms and blue

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 (a) TC, (b) porosity, (c) VDOS, and (d) average atomic stress changes of SA at varying gas concentrations.
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signicantly increases, mainly due to the initial adsorption of
a small number of gas molecules on the internal surfaces of SA.
These adsorbed molecules cause minor movements of surface
atoms and create a slight “stretching” effect on the pore walls.
This adjustment in the pore structure results in a redshi in
VDOS, a decrease in phonon frequency, and an increase in
localized phonon scattering due to the uneven interactions
between the adsorbed gas molecules and the pore walls, thereby
reducing the TC. As the gas concentration increases to 40%, the
porosity slightly decreases, mainly due to the strengthening of
the interactions between the gas molecules and the pore walls,
which induces changes in the internal stresses of the pore walls,
leading to a reduction in some pore wall spacings. The subse-
quent adsorption of more gas molecules further reduces the
atomic vibration frequency of SA, slows down the phonon
transmission speed, and further decreases the TC. When the
gas concentration reaches 60%, adsorption sites near satura-
tion, especially the accessible parts of surfaces and larger pores.
At this stage, additional gas molecules primarily occupy previ-
ously unlled micro-pores, causing a slight increase in overall
porosity. The peak height in the VDOS increases during this
phase, indicating a signicant increase in phonon state density
at that frequency, more concentrated phonon vibration modes,
and enhanced phonon localization, thereby restricting effective
energy transfer. However, as the lling of gas increases, the gas
molecules form a more uniform distribution within the pores,
reducing localized scattering and increasing the transmission
efficiency of specic phonon modes. This adjustment in
© 2024 The Author(s). Published by the Royal Society of Chemistry
phonon behavior effectively overcomes the negative effects of
phonon localization, leading to an increase in TC. When the gas
concentration reaches 80%, the gas molecules in the pores exert
greater pressure on the pore walls, pushing them outward and
thereby increasing the pore volume. The peak height in the
VDOS further increases at this stage, indicating more
pronounced phonon localization at that frequency. Despite
a more uniform molecular distribution and further weakened
localized scattering, the signicantly increased interactions
cause stronger stress scattering. Ultimately, the combined
effects of stress scattering and phonon localization lead to
a further decrease in TC. The aforementioned phenomena
reect the complex interplay of interactions between gas
molecules and pore walls, phonon localization, and scattering
mechanisms.

Fig. 5a displays the TC of gases in the porous structure of SA.
It is observed that the TC of both oxygen and nitrogen in SA
increases with the increase in gas concentration, with nitrogen
showing a more signicant increase at 80% concentration. To
further explore the differences in TC trends, the diffusion
characteristics of the two gases at different concentrations in
conned spaces are studied. Fig. 5b illustrates the change over
time in the mean square displacement (MSD) of oxygen and
nitrogen at 20% and 80% concentrations. At 20%, the MSD
curves for both oxygen and nitrogen show a clear linear
increasing trend, indicating signicant diffusion behavior at
this concentration, with nitrogen diffusing slightly faster than
oxygen, primarily due to nitrogen molecules being lighter than
RSC Adv., 2024, 14, 20210–20219 | 20215



Fig. 5 (a) TC of gases in the porous structure of SA, (b) MSD over time for oxygen and nitrogen at concentrations of 20% and 80%, (c) changes in
total atomic stress of gases at different gas concentrations in SA.
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oxygen molecules, which diffuse faster at the same temperature
according to the Maxwell–Boltzmann distribution.38 However,
TC is inuenced not only by molecular speed but also by colli-
sion efficiency and energy transfer mechanisms. At lower
concentrations, the distance between gas molecules is greater,
leading to lower collision frequencies, and despite their
different diffusion speeds, the TC of nitrogen and oxygen
remains similar. As the gas concentration increases to 80%, the
MSD curves for both oxygen and nitrogen become very at,
indicating that diffusion is signicantly restricted at higher
concentrations. Oxygen's diffusion speed relative to nitrogen is
higher, directly related to the larger pore structure,39 as shown
in Fig. 3. In this structure, the larger pore network provides
more pathways for oxygen, facilitating its diffusion behavior at
high concentrations. As the gas concentration increases, the
average distance between molecules decreases, leading to
signicantly increased collisions. This frequent collision in
a high-concentration environment enhances the efficiency of
heat transfer, thereby increasing TC. Compared to oxygen,
nitrogen in a structure with smaller pore rates has less room to
move, and the intense collisions between molecules are more
pronounced, resulting in a higher TC for nitrogen in conned
spaces. Fig. 5c shows the changes in total atomic stress at
different gas concentrations in SA. It is found that at lower
concentrations, the stress of both gases is relatively low, but as
the concentration increases, the stress begins to rise, especially
at 80% concentrations, where there is a signicant increase in
stress. This stress trend shows a signicant correlation with
changes in TC. As the concentration increases from 20% to
Fig. 6 Changes in (a) TC and (b) atomic heat flow ratio for OFSA and NF
OFSA and NFSA at 20% and 80% concentrations.

20216 | RSC Adv., 2024, 14, 20210–20219
70%, the decreased distance between molecules signicantly
enhances their interactions, thereby increasing the frequency of
molecular collisions and energy exchange, further leading to an
increase in TC. As the molecular concentration further
increases, the interactions between molecules strengthen, and
collisions become more frequent, effectively enhancing the
efficiency of heat transfer. Additionally, at 80% concentration,
the total atomic stress of nitrogen is signicantly higher than
that of oxygen. This indicates that at higher molecular
concentrations, the interactions between nitrogen molecules
are stronger and molecular collisions are more frequent,
thereby achievingmore efficient heat transfer. Therefore, in this
porous medium, the TC of nitrogen is higher than that of
oxygen.

Fig. 6a shows the variations in TC for OFSA and NFSA under
different gas concentrations. It is observed that TC increases
with the increase in gas concentration, with OFSA and NFSA
exhibiting signicant increases, especially beyond a 70%
concentration, with NFSA showing a more pronounced
increase. To gain deeper insights into the impact of gas lling
on the thermal transport properties of OFSA and NFSA, the
effect of gas lling on the heat ow is quantied by comparing
the total atomic heat ow in lled versus unlled conditions.
This atomic heat ow ratio, R, is dened as:

R ¼ QGFSA

QSA

(6)

where QGFSA is the total atomic heat ow in gas-lled SA, and
QSA is the total atomic heat ow in unlled SA. Fig. 6b displays
SA at different gas concentrations, (c) comparison of the VDOS for SA,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the atomic heat ow ratios for OFSA and NFSA containing
different gas concentrations. It is found that as the gas
concentration increases, the atomic heat ow ratio rises, indi-
cating that the introduction of gas signicantly enhances the
thermal transmission capabilities of OFSA and NFSA. This
phenomenon can be understood from several interconnected
perspectives. Initially, the addition of gas molecules optimizes
the thermal conduction paths within SA, enabling more effi-
cient thermal conduction. At the microscopic level, gas mole-
cules act as “bridges,” reducing phonon interfacial scattering
and consequently improving heat transfer efficiency. Moreover,
it is found that at an 80% concentration, the atomic heat ow
ratio for NFSA is signicantly greater than for OFSA, indicating
that nitrogen at high lling conditions enhances phonon
transmission efficiency. To further elucidate the phonon scat-
tering mechanisms, the VDOS of SA, OFSA, and NFSA at 20%
and 80% concentrations are compared, as shown in Fig. 6c. At
a 20% lling concentration, new features emerge in the low-
frequency range (0–5 THz) for OFSA and NFSA compared to
SA, indicating an increase in the number of low-frequency
vibrational modes aer the addition of a small amount of gas,
highlighting the signicant contribution of gas molecules to
low-frequency vibrational modes. Additionally, in the high-
frequency range (35–40 THz), the VDOS peaks for OFSA and
NFSA are reduced compared to SA, suggesting that the intro-
duction of gas suppresses SA's high-frequency vibrational
modes. This suppression is associated with the interaction
mechanisms of gas molecules, where the lling introduces
additional scattering mechanisms, thereby reducing the inten-
sity of the original vibrational modes. Although high-frequency
vibrational modes are slightly suppressed, the increase in low-
frequency vibrational modes promotes overall phonon trans-
mission efficiency, thus leading to a rise in TC. When the lling
concentration reaches 80%, the features in the low-frequency
region are further enhanced due to the introduction of more
low-energy vibrational modes by the additional gas molecules.
The high-frequency features are signicantly reduced as the
interactions between the gas and SA increase, leading to
enhanced scattering mechanisms. Despite the suppression of
high-frequency vibrational modes, the overall participation of
more low-frequency vibrational modes in thermal energy
transfer results in a further increase in TC. Additionally,
Fig. 7 (a) Relative TC of SA, as well as OFSA and NFSA at 20% and 40% co
at different temperatures, (c) temperature sensitivity of TC for 20% and

© 2024 The Author(s). Published by the Royal Society of Chemistry
a noticeable difference in peak frequencies at low frequencies is
observed, primarily due to the different masses of oxygen and
nitrogen molecules.40 According to lattice dynamics theory, the
vibrational frequency is inversely proportional to the square
root of mass. Therefore, the introduction of lighter nitrogen
molecules results in higher frequency vibrational modes,
thereby promoting phonon transmission and enabling NFSA to
exhibit a higher TC.
3.3 Regulation of thermal conductivity in gas-lled silica
aerogels

Fig. 7a presents the relative TC of SA, OFSA, and NFSA from 300
to 700 K, where the relative TC is dened as the ratio of the TC at
a specic temperature to that at the baseline temperature of 300
K. The results show that the relative TC of SA, OFSA, and NFSA
increases with rising temperatures. To further explore this
phenomenon, the VDOS at different temperatures for SA is
calculated, as shown in Fig. 7b. As the temperature increases,
a signicant rise in the peak of the VDOS curve is observed,
indicating that higher temperatures excite more phonons to
participate in vibration, thereby signicantly increasing the
vibrational state density of phonons. Simultaneously, a redshi
to lower frequencies in the high-frequency peaks is observed
with rising temperatures, due to increased phonon–phonon
scattering caused by anharmonic vibrations at higher temper-
atures,41,42 leading to a decrease in phonon frequency. Among
these two competing phenomena, the increase in the number of
phonons at higher temperatures plays a dominant role in
thermal transport, leading to an increase in TC. Additionally, it
is found that with rising temperatures, OFSA and NFSA with
higher concentrations exhibit faster growth in relative TC,
indicating that the TC of high-concentration OFSA and NFSA is
more sensitive to temperature. To quantify the temperature
sensitivity of TC, a temperature sensitivity coefficient C= Dk/DT
is dened, where Dk is the change in TC and DT is the
temperature difference from the baseline temperature of 300 K.
As depicted in Fig. 7c, at 500 K, the temperature sensitivity of TC
in OFSA with oxygen and NFSA with nitrogen signicantly
increases as the gas concentration rises from 20% to 40%. This
enhancement in temperature sensitivity is primarily due to the
intensied thermal motion of gas molecules at high tempera-
tures and the increased gas concentration, which lead to higher
ncentrations with a temperature range of 300 to 700 K, (b) VDOS of SA
40% oxygen and nitrogen concentrations at 500 K.
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Fig. 8 (a) Changes in TC of SA, as well as OFSA and NFSA at 20% and 40% concentrations under different compressive strains, VDOS of (b) SA and
(c) 40% OFSA under various compressive strains.
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frequency and intensity of molecular collisions. Consequently,
this effectively enhances the efficiency of heat transfer. As
a result, when OFSA and NFSA contain higher concentrations of
gas, the relative rate of increase in TC is faster, making the
temperature sensitivity of TC stronger.

The impact of compressive strain on the TC of OFSA and
NFSA is studied, with SA oen required to maintain excellent
insulating performance even under pressure or compression.
Therefore, understanding how compressive strain affects TC is
crucial for the design and use of SA. Compressive strain is
applied in the y-direction at a strain rate of 1 × 108 s−1. To
mitigate the impact of high strain rates on the obtained char-
acteristics, it is necessary to suppress the temperature rise
caused by high loading strain rates by performing the NVT
ensemble during the loading step.43 Fig. 8a shows the changes
in TC of SA, OFSA, and NFSA at 20% and 40% concentrations
under different compressive strains. It is observed that as the
compressive strain increases, the TC of SA, as well as OFSA and
NFSA at 20% and 40%, shows a signicant rising trend. This
phenomenon is attributed to the internal structural rearrange-
ment caused by compression. As the compressive strain
increases, the porosity of SA, OFSA, and NFSA signicantly
decreases, and the contact area between the frameworks of SA
increases, thereby enhancing the TC of the SA framework, and
thus, OFSA and NFSA also increase overall. Moreover, through
linear regression analysis, it is found that the relationship
between TC and compressive strain for SA, OFSA, and NFSA
exhibits a high linear correlation, with little variation in the
slope values, indicating that the sensitivity of these models' TC
to compressive strain is similar, and thus the sensitivity of TC to
compressive strain is primarily contributed by SA. Although
OFSA and NFSA introduce gases, these gases have a minimal
effect on altering the response of TC to compressive strain.
Fig. 8b and c respectively show the changes in VDOS of SA and
40% OFSA under different compressive strains. It can be seen
that as the compressive strain increases, there are no signicant
changes in the high and low-frequency peaks, while a notable
blue shi occurs near the mid-frequency peak around 30 THz.
This phenomenon is due to the compressive strain causing the
atomic arrangement to become tighter, thus increasing the
overall stiffness of the material. When the stiffness increases,
the frequency of phonon modes correspondingly rises, an effect
that is particularly pronounced around 30 THz. In summary, it
20218 | RSC Adv., 2024, 14, 20210–20219
can be concluded that temperature and strain are effective
factors in regulating the TC of OFSA and NFSA. The temperature
dependency of the TC of OFSA and NFSA is primarily controlled
by the gas-phase TC, while the strain dependency is mainly
driven by changes in the solid-phase TC.

4. Conclusion

The thermal transport properties of gas-lled SA have been
systematically studied using MD methods. It has been found
that an increase in the porosity of SA leads to a signicant
reduction in TC, an effect primarily resulting from increased
phonon scattering due to the porous structure and the conse-
quent reduction in material stiffness. The redshi phenom-
enon in the VDOS further conrms the impact of reduced
stiffness on phonon propagation characteristics. As the gas
concentration increases, the dense distribution of gas mole-
cules within SA leads to a decrease in porosity. At an 80%
concentration, oxygen, having larger molecules, exhibits more
signicant repulsion effects, resulting in a slightly higher
porosity compared to nitrogen. Due to the complex interplay
between gas molecules and pore walls, phonon localization,
and scattering mechanisms, the TC of SA under the inuence of
oxygen and nitrogen experiences an initial decline, followed by
a rise, and then a decline again. Within SA, as the gas concen-
tration increases, the TC of both oxygen and nitrogen improves,
particularly at 80% concentration, where nitrogen shows
a signicant increase due to more frequent molecular collisions
and stronger intermolecular interactions. Furthermore, as the
lling gas concentration increases, the TC of OFSA and NFSA
signicantly improves, as gas molecules serve as “bridges” for
phonons, reducing interfacial scattering and enhancing low-
frequency vibration modes. The temperature dependency of
the TC of OFSA and NFSA is primarily controlled by the gas-
phase TC, while the dependency on strain is mainly driven by
changes in the solid-phase TC. These research results provide
valuable perspectives for further understanding and utilizing
the thermal transport properties of aerogel materials.
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