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Abstract

The effective thermal conductivity of composites made up of VO (Si0O.) spherical particles randomly distributed and embedded in a
Si02 (VO2) matrix are numerically studied in a range of temperatures around the metal-insulator transition of VO.. This is done by
means of three-dimensional finite element simulations for different concentrations and sizes of the particles as well as various
interface thermal resistances. Our results were validated against the Mori-Tanaka analytic model. In addition, we developed a
numerical method to calculate the heat storage capacity for composites with VO; particles dispersed into SiO> matrix. It is shown that:
1) The effective thermal conductivity of VO2/SiO, composites increases with the VO, particles’ size, while the one of SiO2/VO;
composites is pretty much independent of the SiO: particles’ radius. ii) At the VO; transition temperature (342.5 K), the effective
thermal conductivity of VO,/SiO, composites increases significantly at a rate of 2.7 x 10 Wm™'K-2, such that its value doubles up the
SiO2 matrix thermal conductivity at the particle concentration of 40.2%. By contrast, the effective thermal conductivity of Si02/VO;
composites decreases at a rate of 8.6 x 107 Wm'K™2. iii) The effective thermal conductivity is strongly affected by the thermal
resistance in VO2/SiO; composites, by contrast the resistance effect does not play an important role for particle volume fractions of
SiO2 up to 34.1% in SiO2/VO2 composites. The Mori-Tanaka model and our simulations predict the same trend of the effective
thermal conductivity values of VO2/SiO> composites. However, the analytic model fails when the matrix is made up VO; and the
volumetric fraction exceeds 34.1% of SiO.. The latent heat storage capacity of VO»/SiO> composites increases with the VO, particles’
concentration, such that at 40.2%, it takes the value of 24553 J kg! (486.7 cal mol™!), which is about half that of the pure VO».
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1. Introduction

The increasing demand for smaller and faster electronic, optoelectronic and thermal devices has created the need for design new
materials. Additionally, industry has the need to adapt the physical properties of materials to desired specific applications. Composites
are ideal candidates that can be used successfully to fulfill most of these requirements. Composites are mixtures of two or more types
of materials (polymer, metal, ceramic, etc.) that form a new material with properties that are a combination of the components. Such

materials are expected to have much improved properties compared to the initial matrix [1].

Nomenclature and Abbreviations

Cpro, (Jkg 'K heat capacity of VO,

kvo, (Wm'K™!) thermal conductivity of VO,

ksio, (Wm™ K1) thermal conductivity of SiO>

AH (Jkg!) transition enthalpy

r (um) particle size radius

R (m?KW!) interfacial thermal resistance

fvolume fraction of fillers

kd (Wm™'K™!) thermal conductivity of VO, in dielectric phase
km (Wm™'K-1) thermal conductivity VO, in metallic phase
Tc (K) transition temperature of VO»

B (K1) phase-transition slope of kvo, (T) at T = Tc

g (W) heat flow

A (m?) cross-sectional area

AT (K) = Thot — Teold temperature difference

[ (m) length of the cubic model

Cpsio: (Jkg'K!) heat capacity of SiO

Cpefr (Jkg K1) effective heat capacity

m (kg) mass

p (kgm) density

Cp (Jkg'K!) Debye model for specific heat capacity

L/ (Jkg') heat latent of VO,

ke (Jkg'K") Thermal conductivity predicted by COMSOL™
KMT Thermal conductivity predicted by Mori-Tanaka model

Finite Element Method (FEM)

Effective thermal conductivity (ETC)
Effective medium approximations (EMA)
Interface thermal resistance (ITR)

Phase change materials (PCMs)
Insulator-to-metal-transition (IMT)

Particularly, phase change materials (PCMs) have been attracting the attention for the fabrication of novel composites due to their
ability to adsorb/release thermal energy during the phase change process (e.g., solid to liquid, liquid to gas, solid to solid), which have
shown to have numerous applications in the development of optical [2] and thermal switches [3] as well as in thermal storage energy
applications [4,5]. This phase change has been observed in several metal oxides such as vanadium oxides (VO., V203, etc.) [6,7], at
different phase-transition temperatures. Particularly, VO has attracted much interest aimed to manipulate heat transfer due to its solid
phase transition, involving a strong change of its thermal properties at temperatures near to room temperature [8]. At 68 °C, VO»

changes from monoclinic (electrically insulating phase) to rutile tetragonal (metallic phase) [7] structure.




In 1959, F. J. Morin observed the insulator-to-metal-transition (IMT) along the ¢ direction in bulk crystals of vanadium dioxide
induced upon heating at ~ 68 °C [7]. Since then, this near-room-temperature transition and its associated large optical and electrical
properties changes have attracted the attention of researchers to employ VO: in a wide variety of technological applications. Recent
studies include: the development of energy-saving smart windows taking advantage of the infrared thermochromism induced by the
IMT [9]. Manca et. al. presented a planar nanomechanical actuator based on VO, this device is thermally activated through heating
where the crystalline symmetry change associated with the IMT and its chevron-type design results in a large lattice expansion [10].
Prod'Homme et. al. employed SiO2 and VO as materials to theoretically design and study a near-field radiative thermal transistor, two
silica semi-infinite plates playing the roles of the transistor collector and emitter while VO acts as a semitransparent base [11].

Cheng et. al. proposed a paraffin-VO, phase change material (PCM) structure which consists of a solid-liquid paraffin phase change
type material used as core, and the solid-solid VO (also PCM) used as shell [12]. This PCM structure showed a transition temperature
of 58.2 °C, a fusion latent heat value of 163 Jg! and a largely enhanced thermal conductivity 1.53 Wm™'K"!, which should be
promising for the high-efficient thermal management applications. Muramoto et. al. has explored the application of novel VO;-glass
materials, as a latent heat storage material [13].

Based on this background, we have explored theoretically the effective thermal conductivity of particulate composites structured by
VO; and SiO,. Oxide glasses generally exhibit high durability, in which their amorphous structure, without periodic ordering,
demonstrates excellent formability and controllability [11]. These oxides are widely used in electronic and optical devices, and
microelectromechanical systems [14]. Lopez et. al. [15] obtained experimentally vanadium dioxide single-crystals produced in an
amorphous fused SiO> host by means of stoichiometric co-implantation of vanadium and oxygen ions. Silica has proved to be an ideal
host for VO: due to its well-known thermal stability. Silicon does not dope VO, since the Si*" ion is too small to occupy the VO,
octahedral site [16,17].

Numerous analytical expressions for estimation the effective thermal conductivity (ETC) of composite materials have been proposed
[18-22]. Classical analytical models were developed by Maxwell and Rayleigh [18,19]. Maxwell was the first to give analytical
expressions for effective conductivity of heterogenic medium [18] although considering the problem of dilute dispersion only.
Rayleigh considered thermal interaction between particles, however, results from both approaches are very similar and losing accuracy
for high volumetric fractions [19]. Hasselman and Johnson proposed a simple modification of the original Maxwell and Rayleigh
models to derive the first expressions for effective thermal conductivity of composite materials with nonzero interfacial thermal
resistance (ITR) [20]. However, the authors derived expressions for a continuous matrix phase with dilute concentrations only.
Another scheme is the well-Known Lewis-Nielsen model [21], this empirical model gives relatively good results for the thermal
conductivity of composites that reach even the maximum packing volume fraction of particles (63.7% of random close packing of
spheres); however, those equations do not include explicitly ITR. Various analytical methods, based on Homogenization Theories and
Micromechanics have been applied to study the effective properties of reinforced composites. Classical studies include: the effective
conductivity of strongly heterogeneous composites [23], effect of bounds and size in composites with highly conducting interface



[24], etc. According to micromechanics-based approaches, the effective thermal conductivity of the composites with multiple
inhomogeneities (inclusions) can be expressed in terms of the Eshelby tensor and the localization tensor [25,26]. However, these
methods hold for a relatively low volume fraction (<20%) of fillers. Recently, Lee et. al. have derived an analytical expression for the
effective thermal conductivity of composites structured by spherical inclusions and orthotropic matrices by accounting for the effect of
interfacial thermal resistance. Their model was based on mean-field approach called the Mori-Tanaka method and validated using
Finite Element Methods (FEM) calculations [27]. Models belonging to the class of effective medium approximations (EMA) can also
be found in the literature. Among these models, the Bruggeman scheme is considered the most accurate for high filler volume
fractions. Based on Bruggeman’s symmetric effective-medium formula, a model has been developed to describe the electrical and
thermal conductivities of VO» as well as its specific heat capacity [28].

In our study, we have combined the analytical models based on the Bruggeman scheme and the accuracy of the finite elements
methods to predict the effective thermal conductivity of composites based on VO, and SiO> as well as its heat storage capacity. We
employed a MATLAB™ code to generate the coordinates of the particles while the function that describes the heat capacity of VO
was developed in a C++ code. We performed finite element calculations in the modern COMSOL™ software package for different
filler concentration, particle size, and interfacial thermal resistance values. We performed simulations for two systems, first we
analyzed a composite structured by VO spherical particles embedded into a SiO (fused quartz) matrix. Secondly, the inverse system
was considered, i.e. SiO2 particles embedded into a VO, matrix. The simulations were performed using a three-dimensional model
considering a cubic matrix. The aim of this study is to determine the influence of the particle size radius (r), interfacial thermal
resistance (R) and volume fraction (f) on the effective thermal conductivity (ETC). We compared our calculations with the predictions
obtained with the Mori-Tanaka model. Besides, we performed calculations of transition enthalpy, 4H for VO.-dispersed glass
composites to stablish the optimal parameters that leads to composites with heat storage capacity and the largest thermal conductivity
values.

2. Numerical method
2.1. Effective thermal conductivity

In this section, a methodology for modeling the effective thermal conductivity of particulate composite materials by means numerical
calculations is presented. This approach is based on the FEM analysis of a 3D geometry model that consists of a set of spherical
particles randomly distributed in a cubic matrix. A MATLAB™ code generates the position of the inclusions and guarantees that the
fillers do not overlap by judging whether the newly generated particle intersects the fillers that have previously been created (see the
description of the code in Figure 1). If there is no intersection, it means that the newly generated filler satisfies the condition and is
accepted, and on the contrary, is rejected.

The model for the thermal conductivity for VO, k7o, (T) can be reasonably well described as follows [3],



km_kd

kyo,(T) = kq + T4 o BT ey

where kd = 3.6 Wm'K'! and km = 6.0 Wm'K! are the thermal conductivity in its dielectric (low temperature) and metallic (high
temperature) phases, respectively; Tc = 342.5 K is the transition temperature and p = 1.6 K-! is the phase-transition slope of kvo, (T) at
T = Tc. These parameters can be obtained fitting the experimental data for VO [29] using Eq. (1).

Figure 1 shows the thermal conductivity curves for the materials used in this work. The red curve corresponds to SiO; (fused quartz),
for this type of amorphous solids and for crystalline semiconductors, lattice vibrations are the carriers of heat currents. Theoretically,
thermal conduction in bulk amorphous solids is adequately treated by a simple model [30]. For the case of SiO, the graphical function
shows that the conductivity gradually increases with T. For VO, (black curve) is observed the transition from insulating to metallic
phase that occurs at Tc. This function is consistent with data reported for thermal conductivity measurements of VO thin films [29].
For SiO;, the function ksio, (T) is already included in COMSOL™ database as -0.9854696 + 0.01820907 T -5.290512 x 107 T? +
7.552525 x 10 T? - 5.008123 x 101! T*+ 1.311324 x 10°!* T° for the range 280 K < T < 1400 K.
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Figure 1. MATLAB™ code used to generate non-overlapping spherical particles (left). Thermal conductivity curves as a function of
temperature for VO (black) and SiO, (red). These curves were obtained from Eq. (1) for VO, and from COMSOL™ database for
Si0; (right).

Figure 2 shows a schematic representation of the used 3D model. The inclusions are randomly distributed in the cubic matrix where x
=z =0 and x =z =/ correspond to adiabatic surfaces. The left surface temperature (red zone) is kept higher than the right one (white
zone) in order to induce a heat flux from left to right direction. All the remaining four surfaces are thermally insulated. Density and
specific heat are not needed for thermal conductivity calculations as the problem is steady state. The average value of conductive heat
flux normal to all three xz surfaces is used to calculate the kefusing the Fourier law of heat conduction in the cubic system,

V.(kessT) = 0. 2



For heat flow in the x direction, the following expression is used,

ql
ke = , 3)
ek A(Thot - Tcold)

where ¢ is the heat flux through the cubic cell calculated by integration on the temperature face imposed as 7cold, as follows,

0= [ sty 22y @

kefr is the effective thermal conductivity of the composite, 4 is the cross-sectional area of the computational domain perpendicular to
the x-axis. Notice that A=/, then simplifying we can obtain the expression,

q
k = , 5
eIr l(Thot - Tcold) ( )




e heat flux

Figure 2. Diagram for the representation of the 3D composite model.

The described approach does not consider the effects associated with the interface thermal resistance. In order to obtain more realistic
results, we now turn our attention to the system where the imperfect thermal contact between two adjacent materials of a composite is
considered [31]. This interface is considered as a thin interface layer between the phases where heat cannot flow directly through the
layer which results in a temperature jump across the interface. The interfacial thermal resistance, R is defined as

TOut — T = —Rq..n, (6)

where T and T™" refer to temperatures at the outer and inner surfaces of the interface, respectively, gs is the heat flux at the interface,
and the n is the outward surface normal vector.

For the calculations, COMSOL™ introduces the boundary condition of the thin thermal resistive layer to the interior boundaries
between the particles and matrix by means a method model that we have developed on the Application Builder window. The
calculated thermal conductivity of the sample from Eq. (5) is the thermal conductivity at the average temperature thereof.



2.2. Validation against Mori-Tanaka model

As has been mentioned before, Lee et. al. derived a closed form solution for the effective thermal conductivity based on the Mori-
Tanaka method. This analytical function can be applied to composites with isotropic fillers and orthotropic or transversely isotropic
matrices. In our study we employed SiO; fused quartz (amorphous) that belongs to the group of isotropic materials [32,33]. Therefore,
we can compare our results to the effective thermal conductivity of the 3D Mori-Tanaka model, k"7, for isotropic matrices according
to the equation,

-1

3 (km“”ix = kpitiers + mat”xrflllers )

kMT = kmatrix 1+ . (7)
R kf illers
3fkfillers + (1 - f) kaatrix 1+ T + kfillers
Note that the thermal conductivity of matrix and fillers, kmarix and kiiers, respectively, are temperature dependent functions.
2.3. Determination of heat storage capacity
At constant pressure, the heat capacity for a material is expressed as follows,
Cp = <6H) 8

separating variables, we can integrate the area inside the peak of the curve Cp vs T to obtain the thermodynamic variable known as
transition enthalpy, AH = [CpdT, that corresponds to the amount of the stored latent heat. As it is well known, the heat capacity is an
extensive property of the matter, thus according to the rule of mixtures the effective heat capacity, Cpef; for composite I can be written
as follows,



CPerr = *vo,CPyo,(T) + Xsi0,CPsio, (T), 9)

where xyo2 and xsio2 are the mass of VO and SiO» respectively and Cpro. and Cpsio: are the heat capacity functions of VO and SiO»,
respectively. For SiO», the function is already included in COMSOL™ database as 61.49405 + 1.926794 T + 0.004463629 T2 -
1.704271 x 10 T3+ 1.88109 x 108 T* - 7.062466 x 10"'2 T° for the range 115 K < T < 925 K. Meanwhile Ordonez et. al. developed a
model to describe the temperature evolution of the specific heat capacity of VO at constant pressure. For the heating process, the
specific heat capacity of VO, at temperature T can be written as follows [28].

dkyoz

Cpyo,(T) = Cp(T) + L, aT (10)

where Cp(T) is the specific heat capacity predicted by the Debye model, p is the density, and L is the heat latent of VO». From Eq. (3)
we obtain,

_ (km—kq)Be PT-Tc)
CpVOZ (T) - CD (T) + Ll [1+ed_ﬁ(T_Tc)]2 . (l 1)

The function that describes the Debye model was developed in a C++ code and called externally from COMSOL™ as Debye(T) (see
flowchart depicted in Figure. S1 in Supplementary Material).

2.4. Validation of the method against experimental data

In addition to the validation of our results with the Mori-Tanaka model, in this section we present the validation of our numerical
method against experimental data. Although not many experimental studies on the effective thermal conductivity of VO;-based
composites are reported in the literature, we have been able to compare our numerical approach with the work reported in [12]. We
have simulated the paraffin@ VO, PCM by means a 2D particulate composite made up of paraffin wax particles embedded into a VO,
matrix (see Figure 14(a)). For this system, Ti has been used to dop VO» and reduce its transition temperature. Generally, dopants with
high-valent transition metals decrease the transition temperature [34].



Thus, we have adapted the new value of transition temperature (Tc = 331.55 K) and we supposed a value of km = 5.4 Wm™'K"! for the
thermal conductivity in VO metallic phase. As in the original paper, we performed calculations for two paraffin@VO> PCM samples
with VO mass ratio of 4.5 and 8.2. Mathematically we can express the first ratio as mvo./mparafin = 4.5. Now converting this ratio into
volume percentage, we obtain

450p .
paraffin
f= (12)

4'5pparaffin + pVOZ

A similar equation can be obtained for the second sample. Therefore, from the density values detailed in Table 1, the mass ratios of
4.5 and 8.2 are equivalent to 42.8 and 57.7 volume percentage or 0.75 and 1.36 volume proportion of VOo.

Table 1. Thermal properties for the components of the paraffin@VO, PCM.

Density (kg m™) Thermal Average particle
conductivity diameter (pm)
(Wm'Kh
VO, 4670 36-54
Wax paraffin 778 0.2 10

3. Results and discussions

3.1. VO, particles embedded in a SiO2 matrix

We define the system structured with VO, particles embedded in a SiO> matrix as Composite 1. First, we discuss the results without
considering the thermal resistance effect. The simulations were performed for different particle size with sphere radius (7): 71 = 1 um;
r2 = 10 um; r3 = 95 um and temperature values from 300 K to 360 K. In all cases, volume fraction of 0.043, 0.140, 0.170, 0.251,
0.341 and 0.402 of VO, were considered. It is important to note that for all calculations we have fixed a small temperature difference



(~5 K), this consideration allows us to reproduce data, which are consistent with the reported experimental data for VO in Figure 1. A
similar procedure has been employed to calculate the thermoelectric properties for a particulate composite in which the temperature
difference between the hot and the cold side was fixed at 1% of the average temperature (300 K) [35]. The average values of ETC
without considering the effect of the interfacial thermal resistance are shown in Figures 3(a) and 3(b). Clearly, we can note that at
constant temperature, higher volume fractions, results in higher the thermal conductivities. When the temperature difference is large,
not all sections of the sample reach the desired temperature (342.5 K for this example) for the calculation of the effective conductivity.
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Figure 3. Comparison of the particle size effect on effective thermal conductivity as a function of (a) Temperature and, (b) VO»
volume fraction of the particles. Calculations were performed at different VO, volume fractions for (a) and different temperatures for
(b). For the figure on the right, the curves for » = 10 gum and » = 95 um are very similar.

The lower the volume fraction of VO; and the larger the particle size, the higher the ETC values. However, as the volume fraction of
VO; increases, the lower particle radius (» = 1 um) is slightly predominant due to small particles trend to form conductive chains (see
Figure 4(a)) causing a large increase in total heat flux that increase the effective thermal conductivity. The addition of VO, into the



Si0, matrix increases the total thermal conductivity in both insulating and conducting phases, although the VO, particle size does not
play an important role for the effective thermal conductivity for composite 1.

The results of numerical calculation versus filler volume fraction are shown in Figure 4(b). The average values of the effective thermal
conductivity increase as volumetric fraction of VO increases. Note that 0% volume fraction represents pure SiO>. In the simulation
results, the effect of interface thermal resistance has not been considered as mentioned before. Then, these results could be useful if
the particles are relatively large (guaranteeing minimal interfacial area) so that such effect can be neglected.
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Figure 4. a) Cut plane of the 3D thermal flux profile (side view) considering » = 1 um. b) Results of calculations performed in
COMSOL™ for the effective thermal conductivity of composite 1. Calculations were performed for different volume fractions of VO,
and =1 um.

It has been found that in structured composites with high filler loading, interfacial thermal resistance has a significant effect [36].
Therefore, this effect is also included in this study. To better understand the effect of interfacial thermal resistance, we show the cut
planes of the 3D model for the temperature contours along the direction of heat flow through the VO- particles dispersed in the SiO»



matrix. Figure 5(a) illustrates a thermal profile without considering the effect of interfacial thermal resistance, while the profile in
figure 5(b) does. Thermal profile for large values of ITR is shown in figure 5(b), the yellow arrows indicating the temperature jumps
across the interface along the boundary of the VO particles. Note that in this case the VO particles are in the metallic phase.

K K

360 360
359 359
358 358
357 357
356 356
355 355

Figure 5. Comparison of the interfacial thermal resistance effect on the cut planes of the 3D temperature contours (side view) for
composite 1. Calculations were performed considering R = 0 m>KGW-! for (a) and the largest value of R in this study (R = 100
m*KGW™) for (b).

Besides, in this work we analyze how the interfacial resistance affects the ETC at different values of particle size. In figures 6(a) we
illustrate the ETC values as a function of ITR at different particle sizes. As we can see, the effective thermal conductivity is strongly
affected when » = 1 um as the volumetric fraction increases. Note that the ETC values for » = 10 um and » = 95 um are similar, so we
proceed to analyze the influence of the resistance on the ETC considering » = 1 um and » = 10 um. Figure 6(b) displays the ETC
values as a function of temperature for different thermal resistance values. Note that the distance between the set of curves with » = 10
pm and the set of curves with » = 1 um is larger in the temperature range T > Tc (VO transition temperature). This fact indicates that
the effect of thermal resistance is stronger when VO is in the metallic phase. For more details see Figure S2 in the Supplementary



Material. For this system, as the particle size tends to the micro- or nanoscale, thermal transport across interfaces dominates the heat
transport in the whole system. If we consider that before the transition temperature heat conduction is due to phonons while after the
transition temperature heat conduction is due to phonons and electrons, then electrons due to VO (in metallic phase) and phonons due
to SiO: (insulator) yield electron-phonon coupling at interfaces where thermal resistance becomes stronger. This effect was also
observed in a metal-semiconductor periodic multilayered system [37].
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Figure 6. Comparison of the effect of particle size on effective thermal conductivity as a function of (a) interfacial thermal resistance,
and (b) temperature. Calculations were performed at different temperatures and considering /= 40.2% of VO, for (a) and different
interfacial thermal resistance values with /= 34.1% of VO, for (b).

In Figure 7 we illustrate the values of ETC at f: 4.3, 17.0 and 40.2% of VO» for » = 1 um. As the volume fraction increases, the ETC
decreases. This means that the effective thermal conductivity is highly dependent on particle size and volume fraction if interfacial
thermal resistance is present. In the same way, the size of Al2O3 particles has a strong effect on the thermal conductivity of the silicone
rubber composites [38].
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Figure 7. Effect of interfacial thermal resistance when the volumetric fraction of VO- varies. Calculations were performed considering
r=1um.

The value of the interfacial thermal resistance between VO and SiO» has not been directly measured. However, we have considered a
value of ~35 m*KGW-! based on the measurement of Hamaoui et. al. [39] for the interface thermal resistance between VO, and Si. It
is assumed here that the interfacial thermal resistance between VO, and glass-like materials (i.e., silicone, SiO, etc.) does not differ
significantly.

Then we perform calculations for this thermal resistance value. Figure 8(a) shows that the effective thermal conductivity with the
larger VO, particle size is higher than that of a small particle size under the same volume fraction. The same phenomenon can be
found in silicone/phosphor composites [40]. The increase is due to the larger the VO, particle, the lower the specific surface area it is,
which leads to less scattering phenomenon in thermal barrier. When the particle size decreases, the particles cannot be able to contact
well with each other, and the thermal contact resistance dominates the heat transfer process.



We compared our calculations and the corresponding Mori-Tanaka approach for » = 1 um (see Figure 8b). As we can see, both approaches predict
the same trend for the effective thermal conductivity. That is consistent with the results reported by Lee er. al. where the analytical predictions
are in good agreement with the FEM results obtained from COMSOL™ [27]. The plot correspondingly to the heat flux profile for
composite 1 when R =35 m*KGW-! and » = | um is shown in Figure S3 (see Supplementary Material). Note that for R = 0 m>’KGW"!
the profile looks less “bright” (see Figure 4(a)) than for R = 35 m*KGW-!. Besides, when R = 35 m>KGW-! the heat flow is less than
when R= 0 m*>KGW-!, as expected.
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Figure 9(a) portrays the ETC values for the three values of the radius considered in this study. These calculations may be used to
determine the optimal particle size for modulate the effective thermal conductivity of this kind of composites. Note that all the
analyses were performed for VO particles completely embedded in the glass matrix, which would be crucial in real systems



considering that SiO, prevents the degradation of VO,, by induced moisture [13]. Figure 9b depicts the effective thermal conductivity
slope as a function of the temperature for composite 1, as we can see, a composite whose resistance trends to zero will undergoes
steeper thermal conductivity slopes. Phase change materials (PCMs) with faster phase transitions can be used to develop diverse
thermally operated devices, for example thermal diodes with improved rectification of heat currents [3].
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Figure 9. (a) Representation of the particle size and VO» volumetric fraction effect on effective thermal conductivity as a function of
temperature. (b) Comparison of the slopes for effective thermal conductivity for R = 0 m>KGW-! (black curve) and R = 35 m*KGW-!
(red curve). For the figure on the right, the curves were obtained considering » = 1 um. An approximation for the slope of red curve
indicates that the ETC increases at a rate of 2.7 x 10 Wm'K™2,

3.1.1. Heat storage capacity



As the volumetric fraction of VO increases the 4H values increase, for the maximum concentration (f = 40.2%) shown in Figure 10,
the corresponding calculated area yields a AH value of 24553 J kg™! (486.7 cal mol™!) which corresponds to ~ 48% of that of the pure
VO, (1007 cal mol!, see Supplementary Material, Figure S4).
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Figure 10. Heat capacity as a function of temperature for composite I with 40.2% VO (in volume). The area under the curve
corresponds to latent heat storage capacity.

If we take into account these complementary calculations, we can adjust or modulate the effective thermal conductivity according to
the desired requirements. As we can see in Table 2, for a same value of latent heat storage capacity we can obtain different values of
thermal conductivity depending on the particle size and the existence or not of interfacial thermal resistance.

Table 2 Thermal properties of composite 1.



Volumetric fraction of Particle size (um) Interfacial thermal Latent heat storage Effective thermal

VO, (%) resistance (m*KGW!) capacity (Jkg™!) conductivity (Wm™'K™")
1 ~0 2.62
40.2 35 24553 2.42
95 ~0 2.59
35 2.59

3.2. SiO; particles embedded in a VO2 matrix

We define the system structured with SiO; particles embedded in a VO2 matrix as Composite 2. Similarly, we consider the same
values of volume fraction and range of temperatures as for composite 1. The average values of effective thermal conductivity versus
temperature and versus filler volume fraction are shown in Figures 11(a) and 11(b), respectively. As shown in both figures, for
different SiO» particle sizes, the corresponding ETC values are practically the same indicating that particle size does not represent an
important factor in these systems.
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As in composite 1, we also evaluated the interfacial thermal resistance effect on ETC considering different SiO; particle sizes. Figure
12(a) shows that the ETC values decrease when ITR increases. However, this decrease is not as large as for composite 1, in this case
the interfacial thermal resistance will retard less heat transfer of composites, thus decreasing the thermal conductivity as SiO> volume
fraction increases. In contrast to composite 1, when the matrix is VO2 the particle size does not have a significant influence on the
effective thermal conductivity as is depicted in Figure 12(b).
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Considering a thermal resistance of R = 35 m?KGW-!, our results can be compared with the ones obtained and compared the
corresponding values to Mori-Tanaka model as is depicted in Figure 13(a). It can be observed that the Micromechanics-based-model
exhibits the same tendency than our results, representing a relatively good agreement with the numerical results for SiO> volumetric
fractions up to 34.1%. The case when R = 0 m?’KGW-! is shown in Figure S3 (Supplementary Material). Note that the thermal
conductivity values, according to Mori-Tanaka model, are farther away when the concentration of SiO; is /> 34.1% and VOx is in the
metallic phase. It indicates that the effect of the thermal resistance becomes significant at high volumetric fractions of SiO». Therefore,
from the results shown in Figures 8(b) and 13(a), it can be inferred that our numerical approach allows us to obtain accurate values of
effective thermal conductivity for particulate composites, independently of the nature of the matrix.

A similar calculation as for the red curve in Figure 9 leads to a rate of decrease of the effective thermal conductivity of 8.6 x 10> Wm-
'K-2. The heat flux profile is shown in Figure 13(b) for composite 2. In contrast to composite 1, the 2D profile corresponding to



composite 2, the matrix can be seen as an "ocean" of VO2 while the circular particles act as "islands" of SiO,. Therefore, when the
temperature difference is imposed on the composite, the heat is forced to flow through that "ocean" of VO,. When the thermal
resistance is zero, the heat flow profile looks slightly brighter (see Figure S5 in Supplementary Material).
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Figure 13. (a) Comparison between the predictions of numerical calculations of ETC for R = 0 m*KGW-! (dashed lines) and R = 35
m*KGW-! (solid lines) for as a function of temperature. (b) Cut plane of the 3D thermal flux profile (front view) for composite 2,
calculations were performed considering » = 1 um and R = 35 m’KGW-'.

3.3. Validation method against the paraffin@VO: PCM

Figure 14(b) depicts the mass fraction dependent thermal conductivity of the paraffin@VO, PCMs. With the increase of VO» fraction
in the shell, the effective thermal conductivity increase as is predicted also with our numerical calculations performed in COMSOL™



(red curve). The calculated values are slightly higher than the experimental data, we believe this is because we did not consider any
thermal resistance value. However, the trend is in good agreement with the experiment.

VO, volume fraction, /(%)
0 18 36 54

—_
N
|

—&— Cheng et. al.
—e&— Our numerical approach

—_
N
N 1 N

[—
N
' 1

e =
=)} co
R N |

e
~
| L

b

e
o

Effective thermal conductivity, .- (W m K '1)
o

0.00 2.25 4.50 6.75
VO, mass fraction (%)

Figure 14. (a) 2D profile for paraffin particles embedded in a VO, matrix. (b) Thermal conductivity of the paraffin@VO, PCM as a
function of VO, mass and volume fractions.

As well as the paraffin@VO, PCM, our VO,/SiO; composite (theoretically) maintained high latent heat and largely improved thermal
conductivity values ascribed to the thermal management properties of VO,.

4. Conclusions



We have studied numerically the effective thermal conductivity of composites made up of VO2 (SiO2) spherical particles randomly
distributed and embedded in a SiO2 (VO2) matrix in a range of temperatures from 300 K to 360 K. Three-dimensional finite element
simulations have been performed for volume fractions up to 40.2% and for different sphere radii as well as various interface thermal
resistance values. We have shown that: 1) The effective thermal conductivity of VO2/SiO2 composites increases with the VO»
particles’ size, while the one of SiO2/VO> composites is pretty much independent of the SiO; particles’ radius. ii) At the VO»
transition temperature (342.5 K), the effective thermal conductivity of VO2/SiO, composites increases significantly at a rate of 2.7 x
10 Wm'K2, such that its value doubles up the SiO, matrix thermal conductivity at the particle concentration of 40.2%. While the
effective thermal conductivity of SiO2/VO, composites decreases at a rate of 8.6 x 103 Wm'K™2. iii) The effective thermal
conductivity is strongly affected by the thermal resistance in VO2/SiO2 composites, by contrast the resistance effect does not play an
important role for particle volume fractions of SiO2 up to 34.1% in SiO2/VO: composites.

Our calculations of effective thermal conductivity are in good agreement with those of robust experiment for the paraffin@VO. PCM.
Thus, we can conclude that our numerical approach correctly predicts the effective thermal conductivity of composites made up VO..

The latent heat of VO2/SiO2 composites increases with the VO, particles’ concentration, such that at 40.2%, it takes the value of
24553 J kg (486.7 cal mol™!), which corresponds to ~ 48% of the pure VO,. We suggest that our numerical approach can be used to
provide an accurate way of predicting the effective thermal conductivity of composites, and it can be applied in guiding the design of
phase change materials with modulated thermal conductivity and thermal energy storage capability. We also plan to extend our study
to more complex geometries in order to know the effect of shape of the particles on the thermal properties of composites based on
VO..
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