
Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

Communication

Flexible transparent aerogels as window retrofitting films and optical
elements with tunable birefringence

Qingkun Liua, Allister W. Frazierb, Xinpeng Zhaoc, Joshua A. De La Cruzb, Andrew J. Hessa,
Ronggui Yangc,d, Ivan I. Smalyukha,b,e,⁎

a Department of Physics, Soft Materials Research Center and Department of Electrical, Computer, and Energy Engineering, University of Colorado, Boulder, CO 80309, USA
bMaterials Science and Engineering Program, University of Colorado, Boulder, CO 80309, USA
c Department of Mechanical Engineering, University of Colorado, Boulder, CO 80309, USA
d Buildings and Thermal Systems Center, National Renewable Energy Laboratory, Golden, CO 80401, USA
e Renewable and Sustainable Energy Institute, National Renewable Energy Laboratory and University of Colorado, Boulder, CO 80309, USA

A R T I C L E I N F O

Keywords:
Aerogel
Cellulose nanofiber
Liquid crystal
Thermal insulation
Transparent

A B S T R A C T

Experimental realization of optically transparent, mechanically robust and flexible aerogels has been a long-
standing challenge, which limits their practical applications in energy-saving devices, such as thermally in-
sulating films for enhancing energy efficiency of windows. The poor transparency precluded even hypothetical
consideration of the possibility of birefringent aerogels. We develop birefringent and optically isotropic aerogels
that combine properties of thermal super-insulation, mechanical robustness and flexibility, and transparency to
visible-spectrum light. This unusual combination of physical properties is achieved by combining liquid crys-
talline self-organization of cellulose nanofibers with polysiloxane cross-linking and control of the nanoscale
porosity to form hybrid organic-inorganic mesostructured aerogels. Potential applications of these inexpensive
materials range from single pane window retrofitting to smart fabrics.

1. Introduction

Optical transparency, mechanical flexibility and robustness are
among the physical properties that were long considered to be in-
compatible with aerogels, limiting practical applications of this class of
porous mesostructured materials [1–3]. For example, the superior
thermal insulation properties of aerogels, with a low thermal con-
ductivity often lower than that of air, could be of interest for retrofitting
inefficient single-pane windows of buildings or as viewing windows of
various high temperature chambers and cryogenic setups. However,
because of exhibiting porous mesomorphic structures and comprising
mostly air, with a low volume fraction of solid nanoparticles assembled
into a random loosely connected three-dimensional (3D) network,
aerogels are commonly brittle and hazy [1–3]. To overcome these
limitations, numerous strategies to mechanically strengthen the gela-
tinous skeletons have been explored, including crosslinking the poly-
meric network with organosilica precursors and implementation of
synthetic or biopolymer-based aerogels [4–11]. Recent advances show
that organosilica aerogels can exhibit excellent transparency with im-
proved tolerance to compression and bending deformations, especially

when using tri-functional or ethylene-bridged organosilica precursors,
along with surfactants in aqueous solution under controlled gelation
conditions [5,6]. To improve the mechanical robustness and flexibility
of aerogels, various flexible polymeric networks have been utilized in
recent studies, including melamine-formaldehyde, resorcinol-for-
maldehyde, various cellulose derivatives and cellulose nanofibers
[7–9]. However, prior to gelation, a coarsened random porous structure
often arises. In conjunction with the various bundles and clusters of
nanofibers crosslinked directly by hydrogen bonds, this porous struc-
ture tends to strongly scatter light, yielding opaque or translucent
aerogels. Organic-inorganic hybrid systems of transparent organosilica
networks and flexible cellulose nanofibers have been identified as
promising platforms to overcome these effects. These hybrid systems
enable the fabrication of mechanically robust and flexible aerogels
[10,11]. Nevertheless, meticulous control over the geometry and sur-
face properties of fibers, the morphology of the gel's skeletal networks
and the gelation conditions of this composite is essential to ensure the
highest degree of structural homogeneity needed to suppress Mie
scattering and substantially reduce Rayleigh scattering from the net-
work and, thus, is crucial to obtain transparent aerogels. Furthermore,
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fabrication of highly transparent mesoporous structures with varying
degrees of orientational ordering of nanofibers would open up the
possibility to engineer birefringent aerogels, though the traditionally
poor transparency of aerogel materials precluded even hypothetical
consideration of this possibility in the prior literature.

In this work, we develop highly transparent and flexible cellulose
nanofiber-polysiloxane composite aerogels featuring enhanced me-
chanical robustness, tunable optical anisotropy, and low thermal con-
ductivity. These characteristics are achieved by employing strictly
controlled dimensions of nanofibers and the homogeneous gel skeleton
networks that they form, which can be tuned to form orientationally
ordered liquid crystal (LC) states. In the gel fabrication process, we
employed and optimized an acid/base catalyzed sol-gel reaction in a
surfactant-based solution to form the polymethylsilsesquioxane (PMSQ,
(CH3SiO1.5)n) network. The cellulose nanofibers of uniform diameter
were surface functionalized first with small charged molecules or by
polymer grafting, both of which increased the cellulose nanofiber sta-
bility in tri-functional silane precursor solutions. Subsequently, these
were crosslinked with PMSQ fibers. In addition to their high optical
transparency, super thermal insulation, flexibility and mechanical ro-
bustness, our hybrid aerogels can be made optically isotropic or ani-
sotropic, depending on the application. In the latter case, they are
fabricated starting from the LC states of colloidal dispersions of nano-
fibers and may lead to practical applications in a new breed of optical
polarization devices where the control of visible light's polarization
must include simultaneous thermal insulation. Along with many other
emerging cellulose-based advanced optical, plasmonic and photonic
materials [12–22], our findings expand the scope of economical nano-
cellulose platforms for obtaining highly desirable photonic materials
using self-assembly. Potential applications include various smart win-
dows and reflective filters for the climate control and architectural
appeal in buildings and smart fabrics for novel fashion and comfort
designs, which were previously thought inaccessible because of the lack
of materials with the unusual combination of properties that we have
achieved, as well as because of the cost and scalability concerns that we
mitigate through the means of using self-assembly.

2. Experimental methods

2.1. Synthesis of TOCNs

The cellulose nanofibers were produced through the oxidation of
native cellulose by selectively modifying the C6 primary hydroxyl
groups on the surface of native cellulose to carboxylate groups cata-
lyzed by 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) under
mild pH aqueous conditions, known as TEMPO-oxidized cellulose na-
nofibers (TOCNs) [23]. TOCNs each with the dimensions of 4.8 nm by
several micrometers were synthesized using bleached wood cellulose by
following the modified procedures described elsewhere in the literature
[9]. Briefly, wood-cellulose-based bleached coffee filter (1 g) was sus-
pended in 0.05M sodium phosphate buffer (90mL, pH 6.8) by dissol-
ving 16mg of TEMPO and 1.13 g of 80% sodium chlorite in a flask.
Then 455 μL of NaClO solution (13% active chlorine) was diluted ten
times with the same 0.05M buffer used as the oxidation medium and
was added at one step to the flask. The flask was immediately stop-
pered, and the suspension was stirred at 500 rpm at 60 °C for 120 h.
After cooling the suspension to room temperature, the TEMPO-oxidized
cellulose fibrils were thoroughly washed with water by centrifugation
at 8700 rpm for 30min. TEMPO-pretreated cellulose fibrils were then
diluted at 0.25 wt%, mechanically blended at 28,000 rpm by a food
processor (Versa Pro, from Oster), homogenized by a tip sonifier (S-450,
from Branson) and filtered by a membrane filter with a pore-size of
11 µm. The resulting transparent solution was then concentrated by a
rotary evaporator (R-200, from Buchi) at 60 °C.

2.2. Surface modification of TOCNs

The surface of TOCNs could be functionalized by simple physical
adsorption of allylamine. Typically 500mg of 0.2 wt% TOCNs aqueous
solution was diluted by 2mL of deionized (DI) water and mixed with
10mg of allylamine. The mixture was stirred overnight and dialyzed for
2 days in a DI water bath across a cellulose acetate membrane with a
cutoff molecular weight of 12,000–14,000 g/mol to obtain allylamine-
TOCNs. To covalently bond the surface of TOCNs with cationic groups
such as quaternary amine (QA), the carboxylate groups on TOCNs are
linked with carbamoylcholine chloride via amidation. Briefly, 500mg
of 0.38 wt% aqueous TOCN dispersion was diluted by 2mL of DI water
and followed by the addition of 24mg of 1-[Bis(dimethylamino)
methylene]−1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexa-
fluorophosphate (HATU), 20 μL of N,N-Diisopropylethylamine (DIPEA),
50mg carbamoylcholine chloride and 40 μL Dimethylformamide
(DMF). The mixture was stirred for 2 days and dialyzed for another 2
days, which produced well-dispersed QA-TOCNs. Highly water soluble
methoxy polyethylene glycol amine (mPEG-amine) could also be
grafted onto the TOCN surface with the same amidation mechanism
utilized to decorate the TOCN surface with QA moieties. Typically,
500mg of 0.2 wt% TOCNs aqueous solution was diluted by 2mL of DI
water and followed by mixing with 28mg of HATU, 20 μL of DIPEA,
18mg mPEG-amine (MW = 5000) and 40 μL DMF. The mixture was
stirred for 2 days and then dialyzed for another 2 days to finally obtain
mPEG-TOCNs. All of the functionalized TOCN dispersions were con-
centrated by a rotary evaporator to the desired concentration.

2.3. Preparation of TOCN-PMSQ aerogels

TOCN hydrogels were fabricated by cross-linking functional TOCNs
with polysiloxane following modified procedures described elsewhere
in literature [2]. Typically, 0.4 g cetyltrimethylammonium bromide
(CTAB) and 3.0 g of urea were dissolved in 8mL of DI water with so-
nication until the sol became homogeneous and followed by the addi-
tion of 2mL of functionalized TOCNs at different concentrations,
1–5mL of methyltrimethoxysilane (MTMS) and 0.01mmol acetic acid
under vigorous stirring. After stirring the MTMS hydrolysis reaction
fluid for 30min at room temperature, the sol was degassed in a vacuum
oven and then transferred into a polystyrene petri dish with a diameter
of 5 cm, sealed for gelation and allowed to age for 3 days in a 60 °C
furnace. The hydrogel was taken from the mold, immersed in DI water
for 24 h to remove the urea and CTAB and subsequently followed by
solvent exchange with isopropanol, which was replaced every 12 h at
60 °C for 2 days. Isopropanol was used as an intermediate solvent to
replace water with liquid CO2 without altering the mesostructured
morphology of the wet gels. Isopropanol was chosen because it is
miscible with both water and liquid CO2, allowing one to avoid phase
separation and modifications of mesostructured gel morphology due to
interfacial tension. Finally, CO2 supercritical drying at 38 °C under
8.6 MPa was conducted to obtain dried aerogel samples in a critical
point dryer (Samdri-780A, from Tousimis). Aerogels of bulk densities
ranging from 30 to 200mg/cm3 were prepared by varying the amount
of MTMS. Moreover, a density of 69mg/cm3 was found to promote
optimal optical transmittance and mechanical flexibility. Special care
was taken to ensure that no stress was introduced to TOCN-PMSQ
aerogel during processing.

2.4. Optical and electron imaging and spectra characterization

For both polarized and unpolarized brightfield optical microscopic
imaging, an Olympus BX-51 polarizing optical microscope was
equipped with 10× , 20× , and 50× air objectives with a numerical
aperture NA = 0.3–0.9 and a CCD camera Spot 14.2 ColorMosaic
(Diagnostic Instruments, Inc.). Transmittance spectra were obtained
using a spectrometer USB2000-FLG (Ocean Optics) mounted on the
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microscope. For light transmittance and haze measurements of aero-
gels, a UV–VIS–NIR spectrometer, ranging from 190 nm to 3200 nm,
(UV-3101 pc, from Shimadzu) equipped with a LabSphere brand in-
tegrating sphere attachment was employed. Haze is defined as the ratio
of diffuse transmittance to total transmittance, where diffuse trans-
mittance is defined as transmitted light varying by greater than or equal
to a 5° separation from the direction of incident light. Infrared (IR)
transmittance spectra from wavenumbers 400 cm−1 to 4000 cm−1

(wavelengths 2.5–25 µm) and vibrational spectra of chemical bonds
were recorded on a Fourier-transform infrared spectroscopy (FTIR)
spectrometer (Nicolet AVATAR 370 DTGS, from Thermo) equipped
with an a integrating sphere (NIR IntegratIR, from Pike). Photographs
of samples were taken using a digital camera. IR thermographs were
obtained by an IR camera (T630sc, from FLIR). Transmission electron
microscopy (TEM) images were obtained using a CM100 microscope
(from FEI Philips) at 80 kV. The TOCN samples were negatively stained
with phosphotungstic acid to increase imaging contrast: 2 μL of the
sample was dropcasted on the formvar coated copper grid, allowed to
settle for drying and then dipped into the stain solution (aqueous 2 wt%
phosphotungstic acid). The porous morphology of TOCN-PMSQ was
characterized using an scanning electron microscopy (SEM) using a
Hitachi Su3500 and Carl Zeiss EVO MA 10 system. For this, freshly cut
surfaces of the TOCN-PMSQ aerogels were sputtered with a thin layer of
gold and observed under SEM at a low voltage of 5 kV (as optimized to
avoid the distortion of the aerogel samples). Nitrogen adsorption-des-
orption measurement was performed using ChemiSorb 2720 (from
Micromeritics).

2.5. Thermal, mechanical, and durability characterization

The thermal conductivity is acquired by measuring both the heat
capacity and thermal diffusivity of the aerogel samples. The heat

capacity of aerogel is measured by differential scanning calorimetry
(DSC 204 F1 Phoenix, Netzsch). The thermal diffusivity of aerogel is
characterized by a laser flash apparatus (LFA 457, Netzsch). Briefly, an
optical source instantaneously heats one side of the material and the
temperature increment on the other side of the material is recorded by
infrared thermography for facile, noninvasive temperature sensing. To
prevent direct heating of the detector by laser light, the top and the
bottom of the aerogel were covered with highly conductive carbon tape
to prevent the laser from penetrating through the sample. The thermal
conductivity of the aerogel can be calculated by subtracting the con-
tribution of carbon tape from the effective thermal conductivity of the
sandwich structure, which was determined by performing measure-
ments for samples of different thickness. The Instron 5965 material test
system was used to probe the mechanical properties and determine
stress-strain relationships. The mechanical properties were measured
with TOCN-PMSQ aerogel samples with 0.25 wt% QA-capped TOCN cut
into rectangular strips of 20mm×6mm×1mm. Aerogel durability
testing was performed under a 500 W mercury lamp (Sun System 5,
from Sunlight Supply Inc.) and in a Tenney environmental test cham-
bers held at 80 °C and 80% relative humidity for 24 h.

3. Results

3.1. Liquid crystalline phase behavior of colloidal cellulose nanofibers

The nanofibers with a diameter of 4.8 nm and micrometer-scale
lengths are stabilized in a basic solution by the Coulombic repulsion of
their anionic carboxylate moieties, which overpower their tendency to
form hydrogen bonds. As a result, the aqueous TOCN dispersions are
highly transparent. To eliminate the strong light scattering originating
from bundling and clustering of TOCNs which are uncontrollably
crosslinked by direct hydrogel bonds, as often observed in polymeric

Fig. 1. Preparation of flexible transparent hybrid aerogels. (a-c) Schematic illustrating surface functionalization of TOCNs with (a) allylamine, (b) quaternary amine,
and (c) mPEG-amine. (d–f) A schematic showing the gelation and transformation of anisotropic, liquid crystalline TOCNs crosslinked by PMSQ fibers from (d)
precursor solution to (e) hydrogel and finally to (f) aerogel. Inset of (d): colloidal TOCNs present at relatively high concentrations in aqueous media observed between
two crossed polarizers; inset of (f): a photograph of the flexible TOCN-PMSQ aerogel.
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fibrous aerogels [8], we instead cross-link TOCNs with polysiloxane.
This technique precludes direct contact between TOCNs and thereby
generates a uniform nanofibrious network that exhibits small scattering
cross-sectional areas. Hydrolysis of the polysiloxane precursor is acid-
catalyzed. However, even under mildly acidic conditions and dilute
concentrations, TOCNs tend to form a gel-like phase due to the hy-
drogen bonding between carboxylic acid functional groups [2]. To
stably disperse TOCNs in polysiloxane precursor solutions, we imple-
ment various TOCN surface functionalization schemes, as illustrated in
Fig. 1a–c. After TEMPO-mediated oxidation of cellulose, there exists a
large density of carboxylic groups (~0.8mmol/g) on the surface of
nanofibrillated cellulose that is available for surface modification [23].
Briefly, the surface of cellulose nanoparticles can be altered by physical
adsorption of molecules or by covalent bonding of small cationic mo-
lecules or polymeric chains in order to stabilize TOCNs via electrostatic
repulsion or steric hindrance. The first strategy was readily realized by
physisorption of cationic polyelectrolytic monomers, such as allyla-
mine, to the anionic carboxylate groups of the cellulose. The cross-
sectional diameter of TOCNs is not significantly affected by this method
because of the small size of the molecules (Fig. 1a). The second TOCN
surface functionalization strategy was implemented by amidation of the
anionic carboxylate groups of TOCNs by introducing QA which dec-
orate the nanocellulose surface with positively charged QA moieties
(Fig. 1b). The successful functionalization of QA on TOCN surface was
confirmed by the absorption peaks of C˭O and N-H stretch in amide
bond using FTIR. Lastly, polymers such as mPEG-amine were grafted on
the TOCN surface by similar amidation and served as the final surface
functionalization scheme detailed herein (Fig. 1c). These three methods
are capable of improving colloidal-TOCN stabilization in the poly-
siloxane precursor solutions, which is key to achieving the novel phy-
sical behavior of our system that is discussed in further detail below.

The transparent surface-modified TOCNs' aqueous colloidal disper-
sions can exhibit LC ordering, which depends on the volume fraction of
the nanofibers in the colloidal dispersion, and thus may exhibit bi-
refringence when they are observed between crossed polarizers (inset of
Fig. 1d). For the spontaneous nematic ordering of nanofibers to occur,
the nanocellulose concentration must be above the critical concentra-
tion based on the Onsager theory [24–26]. Above this critical effective
volume fraction ϕcIN≈ 4/leff, predicted by the Onsager theory for
charged rods [24–26], this order emerges to maximize the overall en-
tropy of TOCNs, where leff is an effective aspect ratio of nanofiber
length to its effective diameter, which is larger than the physical dia-
meter to account for the electrostatic repulsions. Despite lowering the
number of states associated with rotational degrees of freedom of col-
loidal nanofibers, this nematic state of the colloidal dispersions corre-
sponds to an orientationally ordered state with low excluded volume
and thus to a larger number of positional states accessible to TOCNs,
maximizing the overall entropy at relatively high volume fractions of
these colloidal dispersions. We estimate leff based on the extended
Onsager theory for the isotropic-nematic phase transition of charged
rods [27]. The Debye screening length ξD is estimated according to

=
−ξ ρe ε ε k T(2 / )D

2
0 r B

1/2, where e = 1.6×10−19 C is the elementary
charge, ρ = 10−4-10−2 M is the tunable bulk concentration of the
electrolyte, ε0 = 8.85×10−12 F/m is the vacuum permittivity, and εr
= 81 (for water) is the relative permittivity of the solvent at 1 kHz, kB
= 1.38× 10−23 J/K and T = 300 K is the absolute temperature. We
estimate that ξD can be tuned within the range of 3–31 nm, consistent
with the values reported in the literature [28]. Taking the concentration
of carboxylate groups on the TOCN surface as 0.8 mmol/g, the density
of cellulose as 1.5 g/cm3 and the bare diameter Dc of TOCN as 4.8 nm,
we also estimate the line charge density ν = 16.7 e/nm [27]. The ratio
of the effective TOCN diameter of Deff and its bare diameter Dc is then
given by = + + + −

−D D D ξ A γ/ 1 ( / ) (ln ln 2 1/2)c Eeff c D
1

0 , where
≈γ 0.577E is Euler's constant and A0 is dimensionless parameter [27].

For < <D ξ/ 1c D , we estimate ≈ = ×A πν ξ λ2 3.94 100
2

D B
4, where

=λ e πε ε k T/4B
2

0 r B = 0.74 nm is the Bjerrum length. As a result, the

ratio D D/ ceff is calculated to be in the range within 8.3–74. The leff can
then be re-expressed as = −l L D D D h( / )( / )(1 3 /4)eff c c eff c , where

= = − ×
−h ξ D/ (7.8 8.7) 10D eff

2is the so-called electrostatic twist para-
meter and Lc = 1200 nm is the average TOCN length measured ex-
perimentally. The estimated leff for pH values within 10–12 is in the
range of (2.0–17)× 103 and ϕcIN≈ 4/leff = 0.02–0.2%. Because of the
high bare length-to-width aspect ratio of TOCNs (~250) and because of
the surface charging, the nematic LC phase behavior can emerge when
TOCN volume fraction is as low as< 0.2%. From the standpoint of the
design of composite aerogels, this behavior provides a unique possibi-
lity of imparting LC ordering at vanishingly low TOCN volume fractions
which are critical for obtaining the desired optical anisotropy and other
properties discussed below.

3.2. Realization of mesostructured hydrogels and aerogels

The surface-modified TOCNs are dispersed in a single tri-functional
precursor MTMS solution and hydrolyzed under acidic conditions, fol-
lowed by polysiloxane condensation in the basic solution formed by
urea decomposition at 60 °C [5]. In this way, both the isotropic and
liquid-crystalline arrangement, which depend on the surface-modified
TOCN concentration, can be obtained. These orientationally ordered
self-assembled structures can then be locked in and well-separated by
isotropic PMSQ networks which are formed using a simple one-step
sol–gel synthetic route. This procedure preserves the small and uniform
cross-sections of individual fibers and their network (Fig. 1d–f) and,
consequently, assures low light scattering.

Gelation results in a highly-transparent monolithic hydrogel of
functionalized TOCNs, crosslinked by an isotropic, bicontinuous poly-
siloxane nanofibrious network (Fig. 2a). The transformation of hydro-
gels into transparent aerogels is accomplished via solvent exchange
with isopropanol (Fig. 2b) and followed by critical point drying
(Fig. 2c), as detailed in the experimental methods section. We con-
sidered three TOCN surface modification schemes (Fig. 1a–c) to opti-
mize the transparency. Macroscopic clusters of TOCNs are observed in
aerogels prepared with allylamine-capped TOCNs, resulting in rela-
tively hazy aerogels due to the rather strong scattering from non-uni-
form morphology present at the mesoscopic scale (Fig. 2c). Aerogels
comprised of polymer-grafted TOCNs, such as mPEG-amine via poly-
siloxane cross-linking, are also relatively hazy, which is partially due to
the increased cross-sectional area of the polymer-grafted cellulose fibers
(Fig. 2d). In contrast, QA-capped TOCN-PMSQ aerogels are highly
transparent, featuring uniform morphology and a hint of blue appear-
ance caused by the weak Rayleigh scattering of short-wavelength
visible light, as expected due to their thin non-aggregated nanofiber
scaffolds (Fig. 2e). All the measurements below are provided for QA-
capped TOCN-PMSQ aerogels due to their superior optical transparency
and low haze, though the two other surface functionalization strategies
may still be of interest for applications where the requirements for high
transparency and low haze characteristics are less critical.

3.3. Tunable birefringence and hydrophobicity

In addition to mechanical flexibility and robustness, many practical
aerogel applications may require a high degree of hydrophobicity, for
example, to assure that these aerogels are stable under ambient con-
ditions and in humid environments). The QA-capped TOCN-PMSQ
aerogels exhibit hydrophobic surface characteristics and a typical
contact angle of 148°, largely due to the presence of hydrophobic me-
thyl groups on the polysiloxane fibers within the nanostructured aero-
gels (Fig. 2f). An obvious advantage of our fabrication method is that
there would be no need for post-synthetic hydrophobization treatment
to enable such applications. The nematic ordering of the TOCN nano-
fiber network is preserved in the transparent aerogels above the critical
TOCN concentration and manifests itself by imparting birefringence to
the aerogel. Examples of polarizing optical micrographs of a
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transparent aerogel (Fig. 2g) obtained under crossed polarizers before
and after the insertion of a 530 nm retardation waveplate are shown in
Fig. 2h,i, respectively. At a concentration of aligned TOCNs of about
0.3 wt%, the optical anisotropy (defined as the difference between ex-
traordinary and ordinary refractive indices) is given by
Δn≈ 1.6×10−4, as measured using a 20λ Berek Compensator
mounted on a polarizing optical microscope with objectives with dif-
ferent magnifications of 10× , 20× and 50× , which averages the
birefringence of the sample in the area from 40 µm2 to 1mm2 [29]. By
varying the volume fraction of TOCNs, the resulting optical anisotropy
(birefringence) can be controlled within the accessible range of
5.3× 10−6-1.6× 10−3. For example, colloidal dispersions of 0.28 wt%
TOCN in a 2.1-mm thick sample yield TOCN-PMSQ composite aerogels
with a birefringence of 1.5× 10−4, giving the experimentally mea-
sured Δn·d ≈ 320 nm, where d is the thickness of the aerogel sample.
This birefringence value indicates that such aerogels can be used as
polarizing optical elements for visible and infrared light. Furthermore,
unidirectional shearing of colloidal dispersions of TOCNs before their
cross-linking provides a simple but robust means of controlling the LC
director of the uniform orientation of the director of the lyotropic LC,
which then defines the orientation of the optical axis of the effectively
optically monocrystalline aerogels in the final product. The presence of

small haze (~8%) also introduces depolarization and alters the overall
polarization state of the transmitted light due to scattering effects.
Optically isotropic and transparent TOCN-PMSQ aerogels can also be
prepared (Fig. 2j–l) simply by lowering the TOCN concentration. For
example, the highly transparent 3-mm thick TOCN-PMSQ aerogel
(Fig. 2j), prepared with 0.01 wt% QA-capped TOCNs, is optically iso-
tropic. This optical property is apparent when the latter aerogels are
viewed between crossed polarizers (Fig. 2k,l).

3.4. Mesoscale morphologies and optical transparency

To investigate the structure-property relationship of TOCN-poly-
siloxane aerogels, the mesoscale morphology of the aerogels is char-
acterized by electron microscopies. TEM observations reveal that the
colloidal dispersions consist of mostly individualized TOCNs, each of
diameter Dc≈ 5 nm and length Lc = 1–2 µm (Fig. 3a). SEM images
reveals the well-defined and uniform-diameter 10–15 nm nanofibers
that are formed by polysiloxane and individually dispersed TOCNs fi-
bers within the aerogels as well as a narrow pore-size distribution of
their resulting porous network (Fig. 3b,c). The aerogel samples exhibit
3D bicontinuous network-like structures, in which both the smooth gel
skeletons and the pores are interconnected without aggregation or

Fig. 2. Optically isotropic and birefringent,
transparent and hydophobic aerogels. a–c
Photographs showing transparent TOCN-PMSQ
(a) hydrogel, (b) organogel (c) aerogel with
allylamine-functionalized TOCNs. (d, e) TOCN-
PMSQ aerogels with TOCN surfaces functio-
nalized with (d) mPEG-amine and (e) QA spe-
cies. (f) A photograph showing that the TOCN-
PMSQ aerogel is hydrophobic, as evidenced by
its high water-contact angle. (g) A photograph
of a transparent birefringent TOCN-PMSQ
aerogel with 0.28 wt% QA-capped TOCNs. and
(j) isotropic TOCN-PMSQ aerogel with 0.01 wt
% QA capped TOCNs. The corresponding po-
larized optical microscopy images obtained
(h,k) before and (i,l) after the insertion of a
530 nm retardation plate, with a slow axis (γ)
indicated by a yellow double-headed arrow.
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Fig. 3. Mesoscale morphologies and optical properties of TOCN-PMSQ aerogels. (a) Transmission electron micrographs of negatively stained TOCNs, and scanning
electron micrographs of TOCN-PMSQ aerogels featuring TOCNs concentrations of (b) 0.03 wt% and (c) 0.06 wt%. (d) Transmittance of TOCN-PMSQ gels. (e) Total
transmittance and diffuse transmittance light of TOCN-PMSQ aerogel. (f) IR transmittance of a TOCN-PMSQ aerogel with 0.06 wt% of TOCNs.

Fig. 4. Thermal, mechanical and durability properties of TOCN-PMSQ aerogels. (a) Measured thermal conductivity of TOCN-PMSQ aerogel versus sample porosity.
The inset shows the principle of the thermal property measurement. (b) Thermal conductivities of TOCN-PMSQ aerogels before degradation testing. (c) Infrared
thermograph of a TOCN-PMSQ aerogel on a hotplate. (d) Total and diffuse transmittance spectra (top and bottom-most sets of curves, respectively) before and after
UV and elevated temperature/humidity degradation testing. (e) Thermal conductivity measured after aerogel subjected to degradation testing. (f) Compression
stress-strain relation of the TOCN-PMSQ aerogel with 0.06 wt% of TOCNs. Inset: the same TOCN-PMSQ aerogel springs back upon removal of the load.
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clustering. For the provided example (Fig. 3), the bulk density ρb is
calculated to be 69mg/cm3 by weight/volume ratio of the sample.
Porosity, defined as ε = (1-ρb/ρs)× 100%, is then determined to be
ε≈ 94.9%, where ρs is the skeletal density, taken to be 1.35 g/cm3. The
average pore size for this particular example is calculated to be ap-
proximately 100 nm, consistent with the value observed directly from
the SEM images (Fig. 3a–c). SEM images of the aerogel samples taken at
different areas across the square-inch samples all show uniform me-
sostructured morphology of the entire sample, consistent with trans-
mission-mode optical images at larger scales. The specific surface area
of aerogels was determined to be 685.9 m2/g for the adsorption of ni-
trogen cycle and 606.8 m2/g for the desorption of nitrogen cycle, con-
sistent with the mesostructured morphology revealed by the SEM
images. The mesoscale morphology of the 2.0-mm thick QA-capped
TOCN-PMSQ composite aerogel with ultrathin fibers and uniform pore
size distribution yields hydrogels and alcogels with very high light
transmittance greater than 90% and aerogels with visible transmittance
close to 90% at 600 nm (Fig. 3d). The aerogel's haze coefficient, defined
as the ratio of diffuse transmittance and total light transmittance, is
determined to equal to 8.4%, which is rather low for aerogels (Fig. 3e)
and is characterized following the ASTM D1003 standard using an in-
tegrating sphere setup when integrated across the visible range
(390–700 nm), shown in Supplementary Fig. 1 [30]. The PMSQ matrix
causes TOCN-PMSQ aerogels to exhibit strong absorption at a wave-
length of 6–20 µm, which is mainly due to a strong and broad Si–O
vibrational mode at 1100 cm−1, Si–C bonds at 840 cm−1 and
1310 cm−1, and C–H bond at 1400 cm−1 (Fig. 3f) [31]. This provides
an interesting possibility of separately controlling transmittance of
visible and infrared light, which could be of interest for controlling
solar gain and emissivity in smart-window applications.

3.5. Thermal, mechanical and durability properties of aerogels

The thermal conductivity of the aerogel samples was characterized
by measuring thermal diffusivity using the laser flash method (see the
experimental principle shown in the inset of Fig. 4a) and the heat ca-
pacity using the differential scanning method. The experimentally de-
termined thermal conductivity versus sample porosity of the TOCN-
PMSQ aerogels is shown in Fig. 4a. The thermal conductivity of our
aerogels is lower than that of air for a rather broad range of solid vo-
lume fractions. Minimal values exist when the porosities are within
90–97 vol%. Interestingly, although the optical properties of QA-
capped TOCN-PMSQ aerogels are better than those of allylamine-
capped TOCN-PMSQ aerogels, the thermal properties of these two
classes of aerogels are comparable. To study these properties in more
details, QA- and allylamine-capped TOCN-PMSQ aerogels were pre-
pared with a density of 69mg/cm3, chosen to minimize thermal con-
ductivity and haze at the same time. For each sample, the thermal
conductivity stays roughly constant as temperature is varied from 20 °C
to 55 °C (Fig. 4b). Furthermore, we find that the thermal conductivity
≈ 0.018 ± 0.003 Wm−1K−1 of QA-functionalized TOCN-PMSQ aero-
gels is close to that of allylamine-functionalized TOCN-PMSQ aerogels,
which was measured to be ≈ 0.016 ± 0.002 Wm−1K−1, demon-
strating that a thermal conductivity significantly less than that of air
(0.026 Wm−1K−1, at 300 K and 1 atm) can be achieved in various ways.
This super thermal insulation behavior is an inherent property typical
for aerogels due to their nanoporous structure. The heat transport in
aerogels includes contributions due to solid conduction, conduction of
gas and radiation [32,33]. At room temperature, thermal radiation
plays a negligible role. The heat transfer through a solid network of
nanofibers increases as the porosity decreases (corresponding to in-
creasing solid volume fractions). However, the proximity of a solid
backbone of the aerogel fibers also reduces the thermal conduction of
air molecules due to the rarefied gas effect. The gaseous phase thermal
conductivity has an inverse relationship with the porosity, opposite to
the relationship between solid-phase conduction and porosity.

Consequently, the overall thermal conductivity is at minimum for
porosities within 90–97% (Fig. 4a). The wide range of porosities that
yield rather small thermal conductivity aids the optimization of the
mesoporous morphology needed to obtain transparent aerogels that can
also serve as effective thermal barriers. Infrared thermography of the
transparent TOCN-PMSQ aerogel enables direct visualization of the
effectiveness of TOCN-PMSQ aerogel as a thermal barrier (Fig. 4c).
When the TOCN-PMSQ aerogel is placed directly on a hot stage, the
surface temperature of the aerogel is considerably lower than that of
the hot stage. For reference, the ambient room temperature was re-
corded to be 24.0 °C.

In addition to the tolerance of compression and bending deforma-
tions and hydrophobicity, practical applications like retrofitting single
pane windows and clothing are limited by the ability of the material to
withstand in its working environments over extended periods of time,
on the scale of years. To predict how these materials will behave over
their working lifetimes, we conduct accelerated degradation tests of our
aerogels and investigate the interaction of the TOCN-PMSQ aerogel
with ultraviolet (UV) radiation, elevated temperatures and high hu-
midity. The 2mm-thick QA-capped TOCN-PMSQ aerogel shows little to
no change of optical and thermal properties after exposure to intense
UV radiation from a 500-W mercury-vapor lamp, or after placement in
an 80 °C/80% relative humidity chamber, in each case for 24 h
(Fig. 4d,e). The visible-light transmittance and haze coefficients of the
aerogels were averaged across 390–700 nm, as discussed above. After
only UV aging, the changes of both transmittance and haze of the
aerogel were determined to be within 1%, comparable to experimental
error. After simultaneous aging of an identical sample in an 80 °C/80%
relative humidity chamber but with no UV aging, the visible-light
transmittance of the aerogel remained the same and the barely de-
tectable change of haze was found to be within 1%. By comparing these
metrics, measured before and after each aging process for a series of 10
samples, we conclude that there are no observable changes in optical
performance beyond experimental error. To reinforce the notion that
our TOCN-PMSQ aerogels are robust with respect to simulated en-
vironmental degradation, Fig. 4e compares the thermal conductivity of
the aerogel before and after both durability tests and shows that the
thermal conductivity does not appreciably change, indicating that our
aerogels possess excellent thermal stability for their performance me-
trics. Moreover, by finding that the change in contact angle of the
aerogel before and after aging is insignificant, we also conclude that the
hydrophobic nature of TOCN-PMSQ aerogel is preserved as well.

A significant advantage of TOCN-PMSQ aerogels over their con-
ventional silica counterparts is their mechanical robustness and resi-
lience against compressive and bending mechanical deformations (inset
of Figs. 1f and 4f). The compression stress–strain curves for the TOCN-
PMSQ aerogels prepared with density 69mg/cm3 are shown in Fig. 4f,
indicating elastic behavior at rather high strains of up to 40% with an
applied stress of 120 kPa (Fig. 4f). Furthermore, the TOCN-PMSQ
aerogels are flexible (inset of Fig. 1f), with the bending deformations
being fully reversible because of their elastic characteristics, and re-
main pliable even after hundreds of repeated deformations (note that
Fig. 4f insets show a deformed aerogel that relaxes upon removal of the
load). These favorable mechanical properties enable the aerogels to be
laminated atop of solid surfaces, which, for example, could be useful for
the retrofitting of existing single-pane windows.

4. Conclusions

In conclusion, we have developed a new breed of hybrid aerogels
combining chemically modified biopolymeric nanofibers with an in-
organic polysiloxane network to form mesostructured nanoporous
morphologies. The experimental platform we have developed allows us
to prepare either optically isotropic or anisotropic, highly transparent
hydrogels, organogels and aerogels whose birefringence is controlled by
varying the concentration of cellulose nanofibers. The TOCN-PMSQ
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aerogels are shown to be transparent, thermally insulating and me-
chanically flexible, a combination of properties not observed in con-
ventional aerogels. Another key advantage of our aerogels is that their
production is inexpensive and can be potentially scaled-up in future
works, as the ordered nanostructure is produced with a bottom-up
approach via self-assembly of colloidal dispersions. Since hydrogels,
organogels and aerogels are all flexible, the critical point drying pro-
cess, which we use to fabricate our aerogels, potentially can be done for
large-area samples while they are rolled within the drying chamber.
The techno-economic analysis of TOCN-PMSQ aerogel preparation,
which we briefly describe in the supplementary material, shows that
2.7-mm-thick aerogels could be possibly fabricated at a cost of less than
$5 per square foot. Therefore, we believe that this new breed of in-
expensive aerogels may find a broad range of applications within op-
tical-grade materials that feature tunable birefringence alongside robust
thermal insulation. The described composite aerogel production pro-
cess, which is economical and promises to be easily scalable because of
its reliance on TOCN self-assembly, may allow for applications that
were previously thought inaccessible to mesostructured porous mate-
rials, such as laminatable energy-saving films for window retrofitting,
specialized polarizing optics and smart textiles.
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