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ABSTRACT: This paper presents a novel template-free Gelation Aging Dryingin air

water-based Sijel method to synthesize thick transpa

and thermally insulating mesoporous silica monolithic sl . .
gelation and drying of a colloidal suspension of gi M
nanoparticles under ambient conditions. For mtetime, - -36 -‘?,C
mesoporous silica slabs were synthesized anrpearbon PTFE PTFE PIFE

liquid substrates to reduce adhesion and enable the gelsatueous
shrink freely during aging and drying without incurrii@pension of
signi cant stress that could cause fracture. The free-standingilica
nanoparticle-based mesoporous silica slabs were disk@naparticles
squares, with thickness between 1 and 6 mm and porosit}0nm)
around 50%. The slabs had high transmittance and low haze in

the visible spectrum due to small nanoparti@d2 ({@m) and pore size (<10 nm), narrow pore size distribution, and optically
smooth surfaces (roughness <15 nm). Thé slabtive thermal conductivity of $a60 mwW m* K>! at room temperature

was smaller than that of other mesoporous silicas with similar or even larger porosity reported in the literature. This was
attributed to the slabs fractal structure and high mass fractal dimension. The mechanical properties were similar to those of
common polymers. The simple synthesis is readily scalableramtamising materials for window solutions an& solar

thermal energy conversion, for example.
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Transparent and
thermally
insulating slabs
(Thickness> 3 mm)

Synthesis under
ambient conditions

1. INTRODUCTION the solvent present in the mesopores. These forces impose
ormous stress on the silica network, causing it to shrink
iting aging and dryifgif the stress exceeds the compressive
strength of the gel, the monolith cracks and may crumble into
powder.

Mesoporous silica monoliths can take various shapes (e.
slabs, discs, and rodapd feature large specsurface area
and porosity, small pore siz8%2 nm), low eective thermal

conductivity, and low dielectric constafhey have been . . . I
commonly used in adsorptioh catalysi€® and chromatog- Synthesis of thick mesoporous silica monolithic slabs that

raphy>2 for their large surface area and porosity. Recentl§"€ both.trasnsparent an_d tlhermally insulating is even more
transparent mesoporous silica monoliths have found app”@g_all_engln@. First, achieving low thermal conductivity
tions as optically transparent supports in photocafalysis'eduires large porositySecond, transparency requires that
optics:® and laser amptiation'® They have also been used as the slals pores and su_rfa_ce roughness_; be much smaller than
ultralow refractive index substrates for waveduisiesas ~ the wavelength of the incident visible light$#00 nm) so
optically transparent thermal insulation in window solu@S to minimize volumetric and su_rface scattering respon5|b!e
tions®'° and in sol&thermal energy conversi6it* for haze. However, mesoporous silica slabs with large porosity
Mesoporous silicdms or powders are often prepared by also tend to have larger pores that scattetdigbt.example,

using s&gel method®> The synthesis typically uses organicaerogels with porosity exceeding 80% have low thermal
templates (e.g., surfactants or block copolymers) that for®nductivity but are typically hazy because of their wide
mesopores with controlled shape and diameter between P@e size distribution with some pores exceeding 40 nm in
and 30 nm**’ and porosity up to 80%.However,
mesoporous silica monoliths are much moreuli to Received: May 13, 2019
synthesize by a Sglel method because the silica network isAccepted: July 1, 2019
subjected to sigrmdant capillary forces during evaporation ofPublished: July 15, 2019
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Figure 1.Scheme of the §ijel synthesis of thick transparent nanoparticle-based mesoporous silica monolithic slabs on a PFC liquid substrate

diameter’ Third, in addition to capillary forces and stress This paper aims to develop a novel template-free method to
caused by evaporation, mesoporous silica slabs synthesizesybghesize thick transparent and thermally insulating meso-
using s&@gel method may crack due to adhesion forceporous silica monolithic slabs made of silica nanoparticles. The
pinning the gel to the substratéll mesoporous silica gels nanoscale architecture of the mesoporous slabs was charac-
undergo signéant shrinkage during aging and drying. terized by transmission electron microscopy (TEM), nitrogen
Because gels are soft and fragile, opposing adhesion &R#osimetry, small-angle X-ray scattering (SAXS), and surface
compressive forces due to shrinkage almost inevitably resulPf@ lometry. Their transmittance and haze were measured
cracking® In fact, adhesion forces are proportional to the2Cross the visible part of the spectrum while thestiee

footprint surface area of the gel, making it especialff€rmal conductivity and extive Yourig modulus and
challenging to synthesize large slabs. hardness were measured at room temperature.

Several solutions to the cracking of mesoporous silica

monoliths have been proposed. The two most commord- EXPERIMENTAL SECTION

strategies include (i) supercritical dijiremd (i) ambient 2.1. Material Synthesis.Figure 1shows the general scheme of

drying by solvent excharfgé’ of aged gels. Both strategies the synthesis method for nanoparticle-based mesoporous silica slabs

consist of exchanging water contained in the pores for a liquifl @ PFC liquid substrate. The method consists of (1) pouring the

with lower surface tension to minimize capillary forces. BoflfnoParticle suspension into a mold whose bottom is covered with
lead t i liths. but th ; C liquid, (2) partly evaporating the water to drive gelation of the

propesses ea 'o mesoporous silica monOI S', " u eI.r SCq spension, (3) aging of the gel, accompanied by shrinkage, (4)

up is rendered dcult by the facts that (i) supercritical drying drying of the aged gel until all the water has evaporated, and (5)

requires expensive high-pressure equipment and (ii) ambiealcinating the slabs in oxygen at>@fbr 2 h using a 5C mir?

drying may be time-consuming and requires large volumestehperature ramp to remove Ntbm the pores and any potential

organic solvents used in solvent exchange. PFC residues from the bottom surface. Here, a commercially available

Synthesis of mesoporous silica monoliths can also jgalloidal solutlon_ of silica nanoparticles Nalco 2326 (15 wt % in
- . 1 . water, NH stabilized, lot number BP7J1239A1, Nalco Chemical
""Ch'e‘.’e‘gggy 1) soaldlng S”'C.a ”etW_OT'f W'.th a secc_)_ndary Company, Naperville, IL) was used, but in general, the synthesis can
material wsan O by (2) inducing exibility in the silica  pe performed using any colloidal silica solution. The PFC liquids used
network:**° In the rst method, a composite monolith is as the liquid substrates were perpolyether oils Krytox GPL 100,
prepared that contains silica and a secondary material (e@PL 104, and GPL 106 (Miller-Stephenson Chemical Company Inc.,
carbor® polymers,=*° nanobril cellulosé; or silica  Danbury, CT) with general formula [CFEIF-,0], wheren = 105

; : ; weights, they have the same chemical properties and thus were used
network and preventing cracking upon df‘ﬁlhrgthe second interchangeably in the experiments. Changing the PFC liquids had no

method, exible mesoporous silica monoliths are fabricated hyiceaple ect on the synthesized slabs. It is worth mentioning that
incorporating organic grofi®$ and carbon nanotuiéor the PFC liquids were recovered after the synthesis and reused in
by double cross-linking of silica and organic nefv@ush subsequent experiments since they did not mix with the colloidal

exible monoliths shrink without cracking due to theirsolution and could be easily recovered once the solution had gelled.
mechanically compliant network, and once completely drijote that the colloidal solution or gel of siliqg nanoparticles had an
they spring back to the original &izalthough successful, ¢ ective density ranging between 1.0 and 1.8°quththus oated

X > . the PFC liquid substrate, whose density is 1.8°g'cm
both strategies are complicated to implement and mog{]For comparison, mesoporous silica slabs were synthesized on a

: : a
monoliths prepared by using these methods are opdatie.  solid PTFE substrate by using the same procédgues( ) except
Few studies have reported synthesis of transparent (n@ht the colloidal solution of silica nanoparticles was placed in an
translucent) mesoporous silica slabs with high transmittanempty PTFE mold without PFC liquid. The mesoporous slabs
and low haze. Rome et al*® synthesized transparent prepared on PTFE were analyzed as synthesized, i.e., without
mesoporous silica slabs by a soft-templatgessnthesis ~ calcination.

: . 1 Nanoparticle-based mesoporous silica slabs synthesized on PFC
using tetraethyl orthosilicate (TEOS) as the silica precurs%|uid substrates were labeled as.BRT.it, SIGPFC-40C, and

and t,he nonionic surfa_ctant Brij 30 as the template. ThgiQ-PFC-hc while those synthesized on PTFE substrates were
resulting gels were calcined at 5@ remove the polymer |apeled as SIPTFE-rt, SIQPTFE-40C, and Si®TFE-hc for
template. Interestingly, other authors have reported crackingstdbs dried at room temperature or in an oven°&t, 25 an oven at
similar soft-templated monoliths after calcin&tidrHow- 40°C, and in a humidity chamber at room temperature, respectively.
ever, Rozie et af'® synthesized monoliths that did not crack Details of the chemicals, quantities, and synthesis procedure are
and were 15 mm in diameter and 3 mm in thickness witRvailable in theupporting Information

. . 2.2. Characterization Methods. The synthesized nanopatrticle-
0,
porosity around 50% and average pore width of 2.3 MMPased mesoporous silica slabs were characterized structurally by TEM.

Unfortunately, neither the monoliti@rmal conductivity nor | oy temperature nitrogen porosimetry provided sperface area,
their optical properties were reported, even though they appeaial specic pore volume, porosity, micropore volume, pore size
optically clear. distribution, and peak pore width of the mesoporous slabs. Small-
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angle X-ray scattering (SAXS) was used to analyze the fractal
structure of the materials and to determine the mass fractal
dimension. Prdometry gave the average and root-mean-squared
surface roughness of the slab surfaces. The spectral normal-
hemispherical and dise transmittances, haze, and color rendering
index of the slabs in the visible spectrum were measured by using a
UVSvis spectrometer equipped with an integrating sphere. Time-
domain thermorectance was used to measure tbetige thermal
conductivity at room temperature under vacuum or in air.
Nanoindentation was performed to retrieve tleetige Yourlg
modulus and hardness of the mesoporous slabs. Details of the

instrumentation and data analysis are also provide®bimptheting . . . . .
Information Figure 2. Optical images of representative thick transparent

nanoparticle-based mesoporous silica monolithic slabs: (a) a circular
slab synthesized on PFC liquid at room temperature and (b) a square

3. RESULTS AND DISCUSSION slab Va/ith round corners sy?nhesized on PTFIJZE at room ténzpergture.

3.1. Synthesis Design_The present Synthesis method The slabs were 3.6 cmin diamete_r and 2.4 cm in size and had gverage
(Figure J resulting in mesoporous silica monolithic slabs thathickness of 3 and 5 mm, respectively. Note that only the slab in (a)
are both transparent and thermally insulating combines seve¥gf calcined at 46 for 2 h.
strategies aiming to address challenges in making crack-free
highly porous slabs with small pores and optically smooth
surfaces. For thest time, synthesis of mesoporous silicamolds used in the slab preparation. Here, both cylindrical
monolithic slabs used a PFC liquid substrate to minimizenolds with diameter ranging from 3.8 to 6.2 cm and square
adhesion between the gel and the substrates and to obtamolds with a size of 3.4 cm were used (see Figure S1 in the
optically smooth surfaces. PFC liquids were selected &spporting Informatidior circular slabs prepared on PTFE).
substrates because of (i) their omniphobic properties, ensuritMhile the nal size and shape of the slabs were determined by
immiscibility with the aqueous colloidal solution of silicahose of the mold, the average thickness was determined by the
nanoparticles, (ii) their high density, ensuring that the colloidatitial volume of the colloidal solution of silica nanoparticles.
solution oated on the liquid substrate, and (iii) large surfacéverall, mesoporous silica monolithic slabs with sizes between
tension with water, ensuringtness of the ligutdiquid 2 and 4.5 cm and thickness between 1 and 6 mm were
interface. The latter enabled the gels to shrink during aging asyhthesized. Notably, the SRFC-rt slabs had higher
drying without incurring sigoant stress that would otherwise transparency than the SITFE-rt slabs. This @rence
lead to fractures. Similareets were achieved by using the will be discussed in the following sections.
PTFE substrate due to its nonstick properties, but the surface3.2. Structural Characterization. Figure 3 shows
roughness of the PTFE was much greater. Moreover, despitpresentative TEM images and particle diameter histograms
its high chemical inertness, gels still slightly adhered to tlimsets) of transparent nanoparticle-based mesoporous silica
PTFE substrate, resulting in lower yield of crack-free slalmonolithic slabs prepared (a) on PFC liquid and (b) on PTFE.
Note that this eect was negligible for slabs with smallBoth types of slabs had similar structures with a network made
footprint surface area (<3 cm in diameter). However, largaf aggregated silica nanoparticles. The average diameters of
slabs cracked noticeably more often during aging. By contradlica nanoparticles weret83 and 9+ 3 nm for slabs
slabs prepared on PFC liquids did not crack during agimynthesized on PFC and on PTFE, respectively, showing that
regardless of their size. the particle size in theal slabs was the same. However, the

In addition, the present synthesis used small silicaverage nanoparticle diameters observed from TEM were
nanoparticles @12 nm in diameter) as the building blocks larger than the manufacturer-spetchanoparticle diameter of
(i) to avoid large shrinkage during aging and drying and (ii) t& nm. This observation is likely due to the growth of silica
ensure that the mesopores created between the nanoparticiasoparticles in solution caused by Ostwald ripenihe.
were much smaller than the wavelength of visible light so aslatter is enhanced by the high pH arouBdused to
minimize light scattering. Nanoparticle-based gels experienstabilize the colloidal solutiorigure 3also shows that the
smaller shrinkage than typical gels synthesized from molecsi@e of the mesopores between the silica nanoparticles was
precursors (e.g., TEOS) because (a) virtually all silica is boundmparable to the size of nanoparticles; i.e., no large pores
in the building blocks rather than dissolved in the solution andere observed, and the 'slahesostructure and appearance
(b) there was little room for structural rearrangement andavere fairly uniform across the image. 5
evolution once the network had forAtedlost importantly, Figure 4shows (a) representative nitrogen adsofption
reactions of residual precursor and unreacted groups that driesorption isotherms and (b) the corresponding pore size
shrinkage of typical gels are mostly absent in our nanopartiaéstributions for nanoparticle-based mesoporous silica mono-
based gels. Conveniently, the reduced shrinkage of nafitihic slabs prepared on PFC liquid and on PTFE. Both
particle-based gels also enabled us to achieve large porosityotherms were of type IV with an H2(b) hysteresis loop

Figure 2shows optical images of representative thiclkaccording to the IUPAC classition:>>® Figure 4 indicates
transparent nanoparticle-based mesoporous silica monolitthat all slabs were mesoporous and had complex pore
slabs: (a) a circular slab with diameter of 3.6 cm and averagfeuctures made of interconnected pores widretit pore
thickness of 3 mm synthesized on PFC liquid at roonsizes that may have resulted in pore blotkdde.addition,
temperature (SKPFC-rt) and (b) a square slab with round Figure 4 indicates that the slabs had both homogeneous and
corners with size of 2.4 cm and average thickness of 5 niairly small mesopores, with widths between 2 and 10 nm.
synthesized on PTFE at room temperature,SIGE-rt). Note also that the porosity in both samples was nearly identical
The di erence in slabsize and shape was due to therdnt despite the fact that the SiPFC-rt slab was calcined.
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Figure 3.Representative transmission electron microscopy images and measured particle diameter histograms (insets) of nanoparticle-ba
mesoporous silica monolithic slabs: (a)-BREL-rt and (b) SIQPTFE-rt.

Figure 4.(a) Representative nitrogen adsorftitasorption isotherms and (b) the corresponding adsorption pore size distributions of
nanoparticle-based mesoporous silica monolithic slabs synthesized on PFC.Hged-(§iend PTFE (SKKPTFE-rt) and dried at room
temperature. Note that only SEFC-rt slab was calcined at 20dor 2 h.

Table 1. Structural and Optical Characteristics of Nanoparticle-Based Mesoporous Silica Slabs Synthesized on PFC Liquid and
on PTFE

average  specic surface total pore micropore peak pore haze, color
thickness, area?FT ) volume )V, volumeV,,; width,w,  transmittance, hso,  rendering
sample (mm) m? g porosity, (e g*Y) (cn?® g (nm) Trn500(%0) (%) index (CRI)
SiQ-PFC-1t 35 400° 0.46 0.38 0.00 5.0 92 3.8 97
SiO-PFC-hc 12 360° 0.49 0.4%# 0.0 5.8 97 0.8 o9&
SiO-PFC-40C 1.7 370 0.54 0.53 0.00 7.2 92 2.6 99
SiO-PTFE-rt 2.3 390 0.48 0.42 0.01 6.1 93 3.1 98
SiO-PTFE-hc 2.7 390 0.47 0.41 0.00 5.5 91 6.6 98
SiO-PTFE-40C 1.9 380 0.56 0.57 0.00 7.6 91 105 98

3Measurements done on twoedent sampleSMeasurements done on twoedent samples.

Table 1 summarizes the structural properties of theevaporation during drying. This stronger network did not
mesoporous silica monolithic slabs synthesized on PFC liquldrink as much as others, resulting in the largest porosity.
and on PTFE and dried by usingedént conditions. All slabs Figure a shows representative SAXS patterns plotted as
dried under the same conditions had similar spaaiface  scattering intensity (in au) as a function of scattering Qector
area, porosity, and pore width, regardless of the substrate ugdd.ned as 2/d and having units of ) for mesoporous
Notably, the slabs dried at“4Dhad larger porosity and pore silica monolithic slabs synthesized on PFC liquig-RPHO-
width compared with those dried at room temperature. Thes®) and on PTFE (SI@PTFE-rt) and dried at room
di erences were attributed to the fact that slabs dried@t 40 temperature. SAXS patterns of both slabs consist of (a)
benetted from additional aging, compared with those dried aBuinier region fo@ < 0.4 nni?, (b) weak correlation peaks in
room temperature, due to the increased solubility and ratestb range o = 0.41.0 nn¥?, and (c) a Porod region f@r>
dissolution and reprecipitation of silica at higher tempert.0 nn¥l. The presence of Guinier and Porod regions indicates
ature’® Drying at 40C thus produced stronger silica network a fractal structure made of aggregated nanopattibies.
that could sustain the capillary forces caused by solvemeak correlation peaks indicate limited pore-to-pore correla-
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Figure 5.(a) Representative small-angle X-ray scattering patterns of nanoparticle-based mesoporous silica monolithic slabs synthesized on F
liquid (SiIQ-PFC-rt) and on PTFE (SKPTFE-rt) and (b) corresponding Porod plots obtained after subtracting contributions from disordered
worm-like mesopores. The black dashed line with a s&peafesponds to the behavior of nonfractal materials obeying thel&atbd

Intensity scales in both panels are in arbitrary units.

Table 2. Average and Root-Mean-Squared Surface Roughness of Thick Transparent Nanoparticle-Based Mesoporous Silica
Slabs Synthesized on PFC Liquid and on PTFE along with Float Soda Lime Glass

SiO-PFC SIQ-PTFE
top bottom top bottom oat glass
R, (nm) 15.5+ 1.0 13+ 9 4.5+ 0.2 140+ 9 1.6+ 0.1
Rims (NM) 20.3+ 0.9 18.6: 1.3 8+ 2 175+ 13 2.1+ 0.2

tion due to the narrow pore size distribution and the uniforngradual addition of nanoparticles to existing clusters of
pore wall thickness.However, the low intensity of these aggregated nanoparticles, while in Bchtster aggregation,
peaks and lack of high-orderraltion peaks indicate that all nanoparticles aggregate randomly at roughly the same time,
pores lacked long-range order and most likely formed farming clusters that grow by colliding with other clésters.
disordered worm-like porous structtr. worm-like pore  Notably, monom&cluster aggregation produces mass fractal
structure is consistent with the type 1V isotherm with a H2(b)structures with higher mass fractal dimension than&luster
hysteresis loop observed in both nitrogen ads@ption cluster aggregatiohWe speculate that the higher mass fractal
desorption isotherms presenteffigure 4£%°° dimension of the SPFC-rt slabs was due to slight solubility

Figure b shows Porod plots and their slopes for both slabgf PFC liquid in the colloidal solution of silica nano-
shown inFigure &, obtained after subtracting correlation particles®°® Any dissolved hydrophobic PFC molecules
contributions from disordered worm-like mesopores (see thgteracted with or adsorbed onto the silica nanoparticles, thus
Supporting Informatiofor details of the analysis). In the destabilizing the nanoparticle suspension. As a result, some
Porod region, the scattering interlsigfates to the scattering sjlica nanoparticles started aggregating early in the drying
vector modulu® according to the power féw process, resulting in the formation of a small number of

| QS B clusters that then gradually grew by addition of nanoparticles

from the solution. Thus, SIBFC slabs may grow more
Here, a power law expondéhi< 3 indicates a mass fractal through monomé&cluster aggregation than SRIFE,
structure with a mass fractal dimerBjpr D while 3 <D < resulting in a higher mass fractal dimension.
4 indicates a surface fractal structure with a surface fractaB.3. Surface RoughnessFor any optical applications,
dimensionD, = 6 S D, andD > 4 indicates a nonfractal clarity is a key concern, and surface roughness can be a major
structure? The mass fractal dimensi@pquanti es how the  source of scatterintable 2summarizes the average and root-
mass of a fractal structure increases with its increasihg sizenean-squared (rms) surface roughness of the two faces of
D, nanoparticle-based mesoporous,-BKC and Si©PTFE
mr @ slabs along with that of commercit glass obtained from

wherem is the mass contained in a sphere of mesoporoU¥ippon Sheet Glass (Japan), used as a reference. While the top
material of radius Notably, the mass fractal dimenflign  surface of the SJPTFE slabs was optically smo&jr(4.5
can be fractional and ranges from 1%bF3gure b shows * 0.2 nm), the bottom surface, which was in contact with the
that both SI@PFC-rt and SIQPTFE-rt slabs have mass PTFE mold, had a much higher roughRgss140+ 9 nm,
fractal structures, but with eient mass fractal dimensions. comparable to the wavelength of visible light. This roughness
For SiQ-PFC-rtD,, = 2.6 while SIQPTFE-rt has a lower Was caused by the roughness of the PTFE substrate imprinted
value oD,, = 2.3. onto the slab bottom surface during gel formatibiyire
Mesoporous silica prepared through ti&gsbprocess are  S2B. By contrast, both the top and bottom surfaces of the
typically mass fractal structures due to their kineticall$iO-PFC slabs were optically smooth with surface roughness
controlled growtft, The latter proceeds either by mono- between 13.4 and 15.5 nRiglure SJaln fact, the surface in
meiScluster aggregation or cluSuster aggregationin contact with the PFC liquid substrate was as smooth as the top
monome$cluster aggregation, the fractal structure grows bsurface. Note that the $SiPFC slabs had rougher top surface
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than the SIQPTFE slabs possibly due to theedint surface light scattering. Theedénces in transmittance and
aggregation mechanisms of silica nanopatrticles during gelatieze between samples synthesized on PFC liquid and PTFE
of both slabs as discusseddntion 3.2As a reference, soda substrates with similar porosity and pore size distribution can
lime sheet glass had a surface roughness 10 times smaller thaimly be attributed to dirences in the slab surface
that of the mesoporous $iPFC slabsR, = 1.6+ 0.1 nm) roughness, which was responsible for stronger scattering and
resulting from theoat glass process on liquidPi?. haze in SIQPTFE slabs. Finally, all slabs listécine 1Thad
Another challenge for the SITFE slabs is that scratches color rendering index exceeding 98, indicating excellent
and defects in the PTFE substrate resulted in the formation mproduction of colors.
air bubbles at the bottom surface of somgFSIBE slabs 3.5. Thermal Characterization.The goal of this work is
(Figure S3a The scratches and defects acted as nucleatidn achieve mesoporous silica monolithic slabs with high optical
sites for bubbles formation from gases dissolved in the colloitt@nsparency and low thermal conductivity. Here, we used
solution Figure S3b These bubbles strongly scattered lighttime-domain thermorectance to measure theeetive
due to their large diameter, ranging between 0.1 and 1 mthermal conductivity of the slabs. The mesoporoys SiO
Both surface roughness and bubble nucleation were minimiZeBC-hc slab had aneetive thermal conductivity of #45
either when PTFE molds with extremely smooth surfaces werdV nP! KS! at room temperature in air at atmospheric
used Figure SBor for all slabs synthesized on PFC liquid pressure while that of mesoporous-BilB-E-rt slab was 160
substratesH{gure a andrFigure S + 20 mW n¥! K5 at room temperature in a vacuum for
3.4. Optical Characterization. We used transmittance similar porosity around 49%. While these two samples have
and haze measurements in the visible range and coklightly dierent drying conditions, they were both dried at
rendering index to characterize the optical transparency mfom temperature, and they were selected for comparison
our mesoporous silica slabgure 6shows the spectral because they had the most similar porosity among all the slabs.
Other SIQ-PFC and Si©@PTFE slabs had more variation in
porosity, which is known to stronglg@ the eective thermal
conductivity? The di erence in ective thermal conductivity
despite similar porosity and pore size distriblgigare 3 is
likely due to the derence in mass fractal dimension between
SiO-PFC and SIQPTFE slabs, as determined by SAXS
(Figure % Indeed, Emmerling and Fritkehowed that the
e ective thermal conductivity of nanoparticle-based mesopo-
rous silica with a mass fractal structure can be expressed as

keff eff i\
kSiQ Si0, )
wherek; and ¢ are the eective thermal conductivity and
Figure 6.Spectral normal-hemispherical transmitBpcand haze e ective density of the fractal nanoparticle-based mesoporous

h of thick transparent nanoparticle-based mesoporous silica sl&#ic8, andksio, and sjo, are the thermal conductivity and
zfgggiglizfgczqeﬂziﬁ IF',qaLrjédn?hn:SgglpTFE' The average thickness of tc?eensity of the solid silica backbone. Heq:e%(%) is a

scaling factor, expressed as a function of the mass fractal
normal-hemispherical transmittance and haze for thick trardimensiorD,,. Note thatv 1, since 1 D,, < 3, and that

parent nanoparticle-based mesoporous silica slabs synthesize®ases monotonically with incredsjpgrherefore, based

on PFC liquid and on PTFEable 1summarizes the normal- on eq 3 the eective thermal conductivity of a nanoparticle-
hemispherical transmittance and haze at wavelendib0 based mesoporous silica with a mass fractal structure should
nm for the dierent slabs synthesized in this study. It indicatedecrease with increasing mass fractal dimension. Thus, the
that the SIQPFC slabs generally had similar normal-SiO-PFC slabs should have a loweectdve thermal
hemispherical transmittariGg sooand lower hazlsg, than conductivity than the SJ®TFE slabs due to their higher

the SiQ-PTFE slabs. For example, the-BiEC-40C slab had mass fractal dimension®f = 2.6 compared to 2.3 for the
similar normal-hemispherical transmittaiiggsd, = 92%) SiO-PTFE slabs.

and lower hazend,;, = 2.6%) than the SKPTFE-40C slab Importantly, both types of nanoparticle-based mesoporous
(Thhs00= 91%h5op = 10.5%), despite the fact that both slabssilica slabs synthesized in this study hedtiee thermal

had similar thickness of 3179 mm. Moreover, the 3.5 mm conductivity somewhat smaller than those reported in the
thick SiQ-PFC-rt slab had similar normal-hemisphericaliterature for other silica-based materials with similar
transmittance T, s00= 92%) and lower hazbsf, = 3.8%)  porosity:’ For example, Coquil et®alsynthesized meso-

than the 2.7 mm thick SI®TFE-hc slabl(y, s00= 91% and  porous silica thinlms on Si substrates with hexagonally
hsoo = 6.6%), despite the fact that the ,SOC-rt slab had ordered cylindrical pores using TEOS as the silica precursor
signicantly larger thickness. The high spectral normaland Pluronic P123 block copolymer as the templatelnidhe
hemispherical transmittance and low haze ¢P&IO slabs featured porosity of 888% and e=ctive cross-plane thermal
were attributed to (i) their small nanoparticle sigi(e 3, conductivities of 28180 mwW m' K5, Note that thoselms

(ii) their small pore size and narrow pore size distributiomid not have a mass fractal structure because they lacked the
(Figure b), and (iii) their optically smooth top and bottom required structural self-similafitdue to their hexagonally
surfaces Table 2, which minimized both volumetric and ordered and uniform mesoporous structure. Thus, the fractal
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structure of our slabs, regardless of the substrate used dudngCONCLUSION

synthesis, appears to lead to a lowectiee thermal  rhis paper presented a novel template-free water-b&sed sol
conduct|V|ty?4across all samples. For further comparisoge| method to synthesize thick, optically transparent, and
Gunay et af.” synthesized hydrophobic silica aerogel slabgermally insulating mesoporous silica monolithic slabs under
for solasthermal energy conversion with very high porosity,mpient conditions. For thest time, mesoporous silica slabs
gi;%sf‘nd an ective thermal conductivity of 8880 MW \ere synthesized on PFC liquid substrates (1) to reduce
m>~ K*". For comparison, our nanoparticle-based mesoporo§hesion between gel and substrate, enabling the gels to shrink
SIO-PFC slabs had arﬁlcgwesl?etlve thermal conductivity of  freely during aging and drying without incurring st
only 104+ 15 mV\(/) K>, despite sigrtantly lower  giess that would otherwise lead to fractures, and (2) to
porosity around 50%. This result indicates that the prese.g];ovide a smooth interface that results in slabs with optically
nanoparticle-based mesoporous silica slabs are also promigigoth surfaces. The free-standing nanoparticle-based meso-
candidates for sokthermal energy conversion. , porous silica slabs were made as disks or squares, with
3.6. Mechanical Characterization.Table 3summarizes  thickness between 1 and 6 mm and porosityS&585. The
the Young modulus and hardness of thick transparenfjaps had high normal-hemispherical transmittance (>85%)
i and low haze (<5%) in the visible region of the spectrum due
Table 3. Measured Ective Young modulus and Hardness  to small nanoparticle size, small pore size, narrow pore size
of Thick Transparent Nanoparticle-Based Mesoporous  jstribution, and optically smooth surfaces, all of which

Silica Slabs Synthesized on PFC Liquid and on PTFE resulted in limited volumetric and surface light scattering.
Youn¢s modulus hardness The lowest eective thermal conductivity achieved was 104
sample  porosity, Eq(GPa) He (GPa) 15 mW nt! K>, and the mechanical properties are superior to
SiO-PFC-t 0.46 5.4 0.42 common polymers such as PVC and PMMA. Most notable,
SIO-PFC-1t 0.47 57 047 however, is the fact that the slabs synthesized in this study had
SIO-PTFE-It 0.46 6.2 051 e ective thermal conductivity smaller than those reported in
SIO-PTFE-1t 0.47 6.9 0.69 the literature for other mesoporous silica materials with similar
SIO-PTFE-rt 0.49 6.0 051 or larger porosity. This was attributed to the fractal structure

and the high mass fractal dimension of the slabs synthesized in
this study as established by small-angle X-ray scattering.

nanoparticle-based mesoporous silica slabs synthesizedO¥grall, the present nanoparticle-based mesoporous silica slabs
PFC liquid and on PTFE at room temperature. It is interesting'® Promising candidates for optically transparent and
to note that the SiEPFC-rt slabs had Yotsgnoduli and ermally insulating materials in window solutions and
hardness values slightly smaller than those gPBr@-rt  Sclasthermal energy conversion, for example.

slabs, despite the fact that all slabs had similar porosity around

0.47. The dierence in mechanical properties was likely agaip ASSO(_:IATED CQNTENT
due to the dierence in mass fractal dimension between thé Supporting Information )

SiO-PFC and SiQPTFE slabs. Indeed, Emmerling and The Supporting Information is available free of charge on the
Frickél showed that the ective Your‘]g modulus of ACS Publications websieDOI: 10.1021/acsanm.9b00903

nanoparticle-based mesoporous silica with a mass fractal Experimental details and additional optical images

structure can be expressed as (PDBP
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Youngs modulus (GPa)
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hardness (GPa)

intensity (au) o

thermal conductivity (W ThK>Y)

mass (kg)

pressure (Pa)

saturation pressure (Pa)

scattering vector (i)

radius (m)

average surface roughness (nm)
root-mean-squared surface roughness (nm)
specic surface area frg°?%)

average thickness (mm)
normal-hemispherical transmittance (%)
micropore volume (chg®Y)
cumulative pore volume (tor?)

total pore volume (chy>Y)

pore width (nm)

Greek Symbols
wavelength (nm)

S

caling factor

density (g ciiv)
porosity

Sub
e

scripts and Superscripts
refers to eective

SiO, refers to silica
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