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ABSTRACT: This work investigates theset of wall thickness on the thermal conductivit§gof @livity' in nanoparticle-
mesoporous silica materials made froeratit precursors. Sgel- and nanoparticle-based. silica independent of
mesoporous silicdms were synthesized by evaporation-induced self-assembly using b i iy R
tetraethyl orthosilicate or premade silica nanoparticles. Since wall thickness and po Z€ I
correlated, a variety of polymer templates were used to achieve pore sizes rangi3g from:
nm for sol gel-based materials and 20 nm for nanoparticle-based materials. We foundithatzg== =
the type of nanoscale precursor determines how changing the wall théctadise sesultings e e i
thermal conductivity. The data indicate that the thermal conductivitygef-s@rived porous porous silica
silica decreased with decreasing wall thickness, while for nanoparticle-based mesop@ret A, v |
the wall thickness had littleeet on the thermal conductivity. This work expands ‘\
understanding of heat transfer at the nanoscale and opens opportunities for tailoring t
conductivity of nanostructured materials by means other than porosity and compositiomz

hermal transport at the nanoscale has been an areamixture models that described the dependence of thermal

intense research due to various applications of nanoenductivity on porosity.
structured materials including thermoelettridbermally Notably, the esct of pore size on the thermal conductivity
insulating material§, and thermal interface materfals. of nanoporous silica remains unclear. In theory, the intensity of
Nanostructuring @rs unprecedented opportunities for scattering would depend on the size of the solid backbone.
controlling thermal transport by tuning various structurayVhile pore size and wall thickness are not rigorously linked,
parametersMany structural factors such as pore size, totdhey are generally correlated in most solution-derived porous
porosity, surface or interface structure, defect density, aftterials. As such, with a porous structure, the MFP should be
impuritie$ '° can signicantly inuence the thermal con- reduced when it is comparable to the pore’’sigeme
ductivity of nanoscale materials. In particular, porous materigiPerimental studies, however, have suggested that the thermal
can be used as a platform for studying sipesedue to their ~ conductivity of mesoporous silica was independent of pore
tunable syntheses and high surfacé ‘afdthough the size  Siz€™" However, these studies only focused on silica aerogel
e ect in crystalline materials is quite well understoddhe or sol gel networks and sampled a limited range of pore sizes.

size eect on the thermal conductivity of amorphous materiald@in €t al. showed that the thermal conductivity of xdngel
remains underdeveloped. depended on the pore size distribution, with micropores

Porous silica, which is based on an amorphous sili€@ntributing the most to phonon scattefitigowever, due to

network, has received sigant attention, since its high the di erent preparation processes, these samples may have

porosity can result in large reductions in thermal condi erent amounts of cracks, defects, and impurities that also

ductivity**> 7 For instance, aerogels, composed of Chamgontribut_e to phonon scattering, making the comparison
of silica nanoparticles, feature extremely low therm&[1@ll€nging. In our previous workve suspected a depend- _
conductivities (0.013 W/m K) and have been used for therm nce of thermal c_onductlwty on pore size in mesoporous silica;
insulation in a variety of applicatihé* Several studf€s® owever, the evidence was not strong enough to warrant a
have shown that the thermal conductivity of dense silica thﬁ%)nclusmn. Thus, the investigation should be extended to a
Ims is independent ofm thickness when the thickness is —
greater than 100 nm, suggesting that any propagating modseived: February 11, 2020 A
contributing to the thermal conductivity have mean free pattfsecepted: April 17, 2020 $8hr 9
(MFPs) below 100 nff.In addition, the eective thermal  Published: April 17, 2020
conductivity of mesoporous silica at room temperature has

been shown to decrease rapidly with increasing ptrdsity.

Hu et aF® proposed phenomenological, ad hoc two-phase
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10 nm PMMA . (b) 20 nm PMMA

100 nm.. 100 nm
35 nm PMMA (d) 70 nm PMMA

Figure 1.SEM (a d) and transmission electron microscopy (TEM) (e,f) images of NP-based mesopordms sdioalated with PMMA
colloids or Pluronic F127 with average sizes of (a) 10, (b) 20, (c) 35, (d,f) 70, andL€ehrt0

broader pore size range to gain better insight intoebieod improbable for these disordered porous networks. Instead,
pore size on the thermal conductivity of mesoporous silica.one sees only dirences in contrast in thins due to the

The present study discusses theeteof pore size on the absence of nanoparticles in some regions, which indicates the
e ective thermal conductivity of mesoporous difisawith a presence of pores somewhere within the thickness of the
wide range of pore sizes and twerdint silica frameworks, sample. While the pores are not easy to see, the nanoparticle
i.e., a continuous matrix synthesized usingedohethods or  building blocks are easier to obsé&iigere Sshows an image
a discontinuous network made from discrete nanoparticles.with both the pores and nanopatrticle building blocks outlined
number of solgel (SG)- and nanoparticle (NP)-based for clarity. Because the nanoparticles used flonsailvere the
mesoporous silica thinms with dierent pore sizes were same size, an increase in the thickness of the walls simply
synthesized under the same conditions to reduceetiieof  requires more nanoparticles stacked together.
impurities and defects. Theeetive thermal conductivity in The porosity and pore size distributions of NP-based
the out-of-plane direction was measured with time domamesoporous silicdms templated with Pluronic F127 were
thermoreectance (TDTRY>® in vacuum at room temper- analyzed by ellipsometric porosimetry at ambient temperature
ature to eliminate the contribution of the gas phase on thermasing toluene as the adsorBaféhe NP-based silicdams
transport. During thermal treatment, théses shrink in an  templated with PMMA colloids could not be measured using
anisotropic manner, with a greater degree of shrinkage in tbipsometric porosimetry due to their large pores that scatter
out-of-plane direction compared to the in-plane direction. Athe light used in the ellipsometric measurement. As a result,
such, we are measuring the upper limit of the thermdhe porosity and the pore size were measured ugsing N
conductivity, since the porosity in the out-of-plane directioadsorption porosimetry on the NP-based mesoporous silica
may be lower than in the in-plane direction. powders templated with PMMA colloids that were prepared in

Multiple NP-based mesoporous silitms with pore  the same conditions as their corresponding. Figure 2
diameters in the range of MM nm were synthesized using shows the adsorptiodesorption isotherms and pore size
PMMA colloids or Pluronic triblock copolymers as thedistributions for representative NP-based mesoporous silica
template to thoroughly examine thect of pore size on Ims templated with Pluronic F127 and PMMA colloids. Both
the thermal conductivityigure & d shows scanning electron isotherms were of type 1V(a) with an H2(b) hysteresis loop
microscopy (SEM) images of porous silioes templated  according to the IUPAC classition>>>® which indicates
with di erent sizes of PMMA. The average pore size estimatetesopores connected by narrow necks. The slope of the
from the SEM images matched the average size of PMMasorption isotherm as a function of relative pressure was
colloids used for the synthesis, with wide pore sizeuch steeper in the F127-templated sagaré a) than
distributions due to the polydisperisity of the PMMA colloidsin the PMMA-templated sampleiqure B), suggesting a
In addition, the increase in the wall thickness of the NP-basedrrower pore size distributidhe di erence in the degree

Ims with increasing average pore size can be directhy polydispersity was also observed in the pore size distribution
observed. (Figure 2,d). In fact, the PMMA-templatedims had a

Figure &,f shows TEM images of typical F127-templatedimodal pore size distribution, indicated by the tvewedtit
and 70 nm PMMA-templated NP-based mesoporous sili¢g/steresis regionsRif, = 0.45 0.75 for small pores and at
Ims. Since the samples were obtained from thisk the P/P, = 0.9 1 for larger pores-{gure B). The small pores
pores are not easily visualized in transmission unless th@responded to the intrinsic gaps between the silica
sample is viewed directly down a pore axis, which sanoparticles and ranged from 4 to 6 nm in diameter. The
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Figure 2.Isotherms and pore size distributions for NP- and SG-based mesopordmus séioplated with various polymers and surfactants. (a)
Toluene adsorption/desorption isotherms for an F127-templated NP-based mesoporbuswsitica porosity of 52.5%. (b) Nitrogen
adsorption/desorption isotherms for 70 nm PMMA-templated NP-based mesoporous silica with a porosity of 49%. (c) Number-weighted pore siz
distributions (PSDs) for F127-templated NP-based mesoporoussiligih the porosities indicated. (d) Number-weighted PSD for NP-based
mesoporous silica materials witkerdint PMMA templates. The pores between 2 and 4 nm are derived from the intrinsic gaps between the
nanoparticle, while those indicated by the colored arrows are derived from the removal of the PMMA template. (e) Representative toluen
adsorption/desorption isotherms for SG-based mesoporousrsilisgnthesized with drent templates. (f) Representative number-weighted

PSDs for SG-based mesoporous ditisawith dierent templates. Insets in (a) and (b) are representative SEM images of NP-based mesoporous
silica Ims templated with F127 and 70 nm PMMA, respectively. The pore diameters from porosimetry matched those observed in SEM image

Table 1. Structural Characterization and Thermal Conductivity of F127- and PMMA-Templated NP-Based Mesoporous Silica
Films®

porosity  average interparticle pore diameteiverage templated pore diametemeasured wall thickness thermal conductivity

template (%) (nm) (nm) (nm) (W/mK)
10 nm PMMA 65 1 3+ 2 10+ 10 14+ 4 0.096t 0.006
F127 68t 1 - 16+ 2 71 0.107+ 0.005
35nm PMMA 7k 1 4+ 3 30+ 10 25+ 6 0.098t 0.005
F127 53t 1 - 11+ 2 71 0.19+ 0.01
10 nm PMMA 4% 1 3+ 2 10+ 10 14+ 1 0.24+ 0.01
20 nm PMMA  5G: 1 5+ 3 27+ 7 15+ 5 0.21+ 0.02
70 nm PMMA 4% 1 5+ 3 74+ 9 38+ 15 0.19+ 0.01

FAverage pore diameters from the gaps between particles and voids from template removal are included.

large pores corresponded to the voids left after removing thiee pore size distribution of NP-based mesoporousisikica
PMMA template, and their size ranged from 15 to 68 nniemplated with Pluronic F127 showed only one peak. This can
depending on the size of the PMMA colloids used. By contrasie attributed to the fact that the size distributions of the
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Figure 3.SEM (a d) and TEM images (e,f) of SG-based mesoporous lsilicéemplated by (a) BrijC10, (b) Pluronic P123, (c,e) Pluronic
F127, and (d,f) PBOPEO block copolymer. Films had increasing pore size from (a) to (d).

interparticle porosity and of the template-derived porositi-ray scattering (2D-GISAXS) patterns, which are shown in
were similar and overlapped. Figure S2The diraction arc indicates that the pores are at
Table 1summarizes the structural characterization antkast partly ordered. The intensity around the arc is not fully
thermal conductivity of two groups of NP-based mesoporousiiform, however, because there are ontjtexnumber of
silica Ims with similar porosities but elient pore diameters. repeat distances in the out-of-plane direction, while there is
The two dierent pore diameter values for PMMA-templatece ectively an imite number in the in-plane direction.
materials correspond to the intrinsic gaps between the silibtoreover, the in- and out-of-plane lattice spacings are also
nanoparticles and the voids left after removing the PMMAot the same, because more shrinkage occurs in the direction
template, respectively. Thet group had a porosity of 65  normal to the substrate, compared to in-plane. The result is a
71% and pore diameter of 28 nm, while the second group continuous distribution with broader peaks occurring at a
had a porosity of 4%3% and pore diameter of 8 nm. higherq in the out-of-plane direction and narrower peaks
The thickness of the pore walls was estimated from the SE®gcurring at a lowey in the in-plane direction. To rapidly
imagesTable lindicates that NP-based mesoporous silicgluantify this distribution, here we report only the in-plane peak
Ims with similar porosities had similaecéve thermal Positions fronfrigure S2dout all orientations are present. As
conductivities despite having vergrmint average pore sizes €xpected, the inter-repeat distasijcealculated ab= 2 /c,
and, as a result, drent wall thicknesses. We hypothesize thaincreases as the template size increased. Finally, TEM images
this observation is due to the fact that the thermal transport ifFigure 8.f) show clear pores, which again arise because the
NP-basedIms was determined by the heat carrier scatteringrdered porosity allows transmission images to be collected in
between particles as well as at the boundary of eadvhich all the pores line up on top of each to make clear regions
nanoparticle, both of which depend on the nanoparticle si£$ dark and light contrast.
rather than on the wall thickness. The porosity and pore size of SG-based mesoporous silica
To examine the ect of pore size on the thermal Ims were measured by ellipsometric porosimetry using
conductivity of solgel mesoporous silicéms (SG-based toluene as the adsorbatéigure 2.f shows toluene
mesoporous silica), multiple SG-based mesoporoudnsdica adsorptiondesorption isotherms and pore size distributions
with pore diameters in the range a3 nm were synthesized for representative SG-based mesoporous Isisceemplated
using dierent organic templates. Here, PMMA colloids couldVith BrijC10, Pluronic P123, Pluronic F127, and FHED.
not be used as templates, as they are incompatible with tHere also, the hysteresis loops in the isotherms indicated the
solvents used for sgel synthesis (the PMMA colloids Presence of mesopores connected b_y narrow n(_acks. Most of
aggregate and precipitate in ethafaure 3shows typical the samples had a fairly narrow pore size distribution. The pore
SEM images of the SG-based mesoporous diisa  SIZ€S from the_z eIhps_ometrlc porosimetry measurement were in
synthesized with these efient templates. Those templated 29réement with estimates from SEM images. The pdre walls
with CTAB and BrijC10 had very small pores between 1 andi#icknessvof SG-based mesoporous silizs was calculated
nm in diameter. On the other hand, thes templated with ~ PY combining the pore radiusom ellipsometric porosimetry
di erent sized PBGPEO block copolymers had large poresWith the interplane spacingfrom 2D-GISAXS using the
with diameters between 15 and 25 Rigu(re 8). The block- ~ €duatio

copolymer-templatedms displayed fairly ordered porous d .

structures, as shown figure ® d. This was further W= ZM/:S ri

supported by two-dimensional grazing-incidence small-angle (1)
3734 https://dx.doi.org/10.1021/acs.jpclett.0c00464
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Table 2. Structural Characterization and Thermal Conductivity of SG-Based Mesoporous Silica Films Synthesized with
Di erent Templates

template porosity (%) pore diameter (nm)  unit cell repeating distance (nm)  wall thickriesstfremnal conductivity in vacuum (W/mK)
P123 50t 1 10+ 1 13+ 1 5+ 1 0.081+ 0.006
F127 62+ 1 13+ 1 14+ 1 3+ 1 0.096+ 0.009
PBO PEO 60+ 1 24+ 5 35+ 3 16+ 6 0.21+ 0.01
P123 43 1 6+ 1 11+ 5 7+ 5 0.157+ 0.008
F127 44+ 1 8+ 2 14+ 1 8+ 2 0.24+ 0.01
PBO PEO 44+ 1 14+ 7 23+ 1 13+ 7 0.29+ 0.02
CTAB 16+ 2 2+ 1 N/A 2+ 1 0.31+ 0.02
BrijC10 21+ 2 2+ 1 N/A 2+ 1 0.28+ 0.02
P123 18t 2 3+ 1 N/A 4+ 1 0.40+ 0.02
F127 19t 2 4+ 1 N/A 5+ 2 0.41+ 0.02

AVall thickness calculated from GISAXS and porosimetry data. For samples without GISAXS data, a range was estimated from SEM image

In general, sobel silica Ims made with larger templates  Such a positive correlation between pore size and thermal
also displayed thicker walls. Hars that lacked periodicity conductivity at axed 1porosity had been previously observed
(@t a low myy/ Mg, ratio or templated by CTAB and in porous crystafs.*" In crystals, the heat is carried by

BrijC10), a range of wall thicknesses were measured atigveling ph_onons with a certain distribution of phonon MFPs.
estimated from SEM images. The scattering of phonons at the boundary between pores and

To isolate the ect of wall thickness from porosity on the the solid phase can reduce trecgve phonon MFPs and thus

thermal conductivityfable 2and Figure 4summarize the the thermal conductivity. Thus, the intrinsic mean free path
determines the maximum pore size that wouwddt ahe

thermal conductivity. For example, in silicon, the suppression
of phonon MFPs can be sigiint when the pore size is about
1 m, because the intrinsic MFPs of a substantial portion of
phonons can exceed In!* Analogous to silicon, the
correlation between pore size and thermal conductivity in
amorphous SG-based mesoporous slhita can also be
attributed to the vibrational modes scattering near the pores.
Importantly, it indicates that the MFPs for a non-negligible
fraction of the vibrational modes are between 1 to 10 nm. This
result is also consistent with the recent molecular dynamic
simulation results and experimental results from ballistic
transport across Si/SiSi nanostructures’?
A porosity weighted simple medium (PWSM) model has
been proposed to account for the combinect @f pore size
and shape and thermal contact between particles by using a
tting parametex.?**®> The parametex can vary between 0
) o _ ) and in nity, corresponding to the serial and paraksitige
Figure 4.Thermal conductivity as a function of porosity for SG-baseghaium approximations, respectively. This model has been
mesoporous silicams templated using @rent polymer templates ysed extensively for various porous materials including silica

to provide a range of pore diameters (BrijC10 and CTAB from 2 to T
nmp, F127 and P123 from B to 15 . (PB:BO from 15 to 25 nm), xerogef§ and templated mesoporous sifi¢a Considering

measured under vacuum. Dashed lines correspotsl tw the ~ that the disperse phase in the pores of OL@_GUhe%OF’OfOUS
PWSM model witht values shown in the legend. silica Ims is vacuum, the PWSM model siregltd

off = Sig(lé p)(j-g S) 2

characterization of three groups of SG-based mesoporous silidatting the PWSM model to our experimental data yielded

Ims with similar porosities but elient pore diameters and =0.19, 0.31, and 0.58 for small (CTAB and BrijC10), medium
wall thicknesses. Thest group had a porosity of 2% and (P123 and F127), and large (PBEEO) pore sizes,
pore diameter ranging from 10 to 23 nm, the second group haespectivel\tigure 4plots the eective thermal conductivities
a porosity of 4345% and pore diameter ranging from 5 to 150f sol gel-based mesoporous silitas as a function of
nm, while the third group had a porosity of2Zl®B%6 and pore  porosity and compares them with the three predictions
diameter ranging from 2 to 4 nhable 2indicates that SG- obtained froneq 2 A value ok approaching O corresponds
based mesoporous silitas with a similar porosity but larger to the asymptotic case captured by the serial model, which can
pore size had largeregtive thermal conductivity. For a given be physically represented as a lamellar structure consisting of a
porosity, the SG-based mesoporous ditisatemplated with  series of silica layers separated by layers of air, all aligned with
CTAB and BrijC10 had lower thermal conductivity thmas the layers perpendicular to the direction of heat this
templated with Pluronic P123 templates, followednisy results in the lowest thermal conductivity possible for a given
templated with Pluronic F127 and then PBBEO. This porosity. We nd that x increases as the pore size and
order correlated with the pore sizes created by these templatesresponding wall thickness increase, suggesting that thicker
in SG-based mesoporous silioss. walls enhanced the through-plane heat conduction captured in
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the limiting case by the parallel model (which physicaly AUTHOR INFORMATION
corresponds to the same alternating air and silica layers, %ic?'rresponding Author
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