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Highly transparent silanized cellulose 
aerogels for boosting energy efficiency of 
glazing in buildings

Eldho Abraham1, Vladyslav Cherpak1, Bohdan Senyuk1,2, Jan Bart ten Hove1, 
Taewoo Lee1, Qingkun Liu1 & Ivan I. Smalyukh    1,2,3,4 

To maintain comfortable indoor conditions, buildings consume ~40% of the 
energy generated globally. In terms of passively isolating building interiors 
from cold or hot outdoors, windows and skylights are the least-efficient 
parts of the building envelope because achieving simultaneously high 
transparency and thermal insulation of glazing remains a challenge. Here 
we describe highly transparent aerogels fabricated from cellulose, an 
Earth-abundant biopolymer, by utilizing approaches such as colloidal 
self assembly and procedures compatible with roll-to-roll processing. 
The aerogels have visible-range light transmission of 97–99% (better than 
glass), haze of ~1% and thermal conductivity lower than that of still air. These 
lightweight materials can be used as panes inside multi-pane insulating 
glass units and to retrofit existing windows. We demonstrate how aerogels 
boost energy efficiency and may enable advanced technical solutions for 
insulating glass units, skylights, daylighting and facade glazing, potentially 
increasing the role of glazing in building envelopes.

To provide desired indoor conditions irrespective of the outdoor 
environment at little or no additional energy supply, building enve-
lopes need to minimize the interior–exterior exchange of energy 
through thermal conduction, convection and emission1–4. To achieve 
this with glazing is especially challenging because of the typical strin-
gent requirements on visible-range transparency and haze5,6. While 
current approaches to this challenge utilize the insulating glass units 
(IGUs) with air or fill gas5–8, high thermal-barrier performance of 
such IGUs requires large gap thickness between glass panes, which 
in turn is limited by gas convection, number of panes and structural 
constraints. The use of much thinner vacuum-insulated glass units, 
on the other hand, is limited by the seal integrity and high costs9,10. 
Low-emissivity silver and other coatings allow for limiting the energy 
loss due to black-body-like electromagnetic emissivity originating 
from the room-temperature building’s interior5–10, though they can 
capture only a fraction of escaping energy at a cost of deteriorating 

visible-range transparency. Aerogels, highly thermally insulating 
materials used in applications ranging from pipe insulation to a Mars 
rover11–13, have been highly sought after for applications inside IGUs as 
a solid material replacement for gas fillers14–19 because they stand out 
as a class of materials capable of outperforming still air and other gas 
fillers as efficient thermal barriers20–24. However, aerogels are typically 
mechanically fragile and strongly scatter light12,13,25–29. Manufacturing 
aerogels with low haze, high transparency and mechanical robust-
ness at building-relevant scales and costs also remained a challenge30. 
Development of transparent aerogels, including cellulose-based 
ones25,28–31, remained limited to small scales while also featuring haze 
and transparency characteristics still inadequate for uses in most 
types of glazing. While the technological solutions for controlling 
thermal-range emissivity are highly adequate and widely used5–9, 
and the recent advent of the electrochromic approaches promise to 
address the needs of solar gain and privacy control32–34, the lack of good 
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hydrogel, solvent exchanges at modestly elevated temperatures (Meth-
ods and Supplementary Fig. 4), rolling and drying the gels atop plastic 
support in rolls (Supplementary Fig. 5b,d,f). Moreover, they allow for 
preventing aggregation of cellulose nanofibres during gelation or dry-
ing so that initially transparent colloidal dispersions remain transpar-
ent in hydrogel and aerogel states (Fig. 2d,e and Supplementary Fig. 5).

An important part of a fabrication procedure is that cellulose 
surfaces are silanized, which can be done by vapour-phase function-
alization (Fig. 2f) after the supercritical drying or at the hydrogel stage, 
before drying, with details of both approaches described in Methods, 
Fig. 2f and Supplementary Fig. 4e–k. Silanization procedures make 
SiCellAs superhydrophobic (Supplementary Video 1; note the contact 
angle of the water droplet >150° revealed in Fig. 2h), a highly desirable 
property for window applications, as also revealed by infrared spec-
troscopy through analysing the presence or strength of corresponding 
absorption lines (Fig. 2g).

Nanoscale characterization provides insights into the formation 
and structure of SiCellA materials (Fig. 3). The individualized cellulose 
nanofibres are well-defined rod-like particles with 4–6 nm width and 
hundreds to thousands nanometres length (Fig. 3a). The fabrication 
procedures of gelation, surface modification, solvent exchanges and 
drying transform the initial colloidal dispersions of such nanorods 
into gels with nanoscale morphology featuring networks of thin fibres, 
with inter-fibre pores typically smaller than 100 nm (Fig. 3b–d and 
Supplementary Video 2). By controlling the initial concentration of 
cellulose nanofibres, we can vary the porosity of SiCellA (Fig. 3e), 
which is linearly related to the mass density of the material. Nitrogen 
adsorption–desorption analysis is consistent with the direct nanoscale 
imaging, yielding quantitative information about SiCellA’s porous 
morphology (Fig. 3f,g, Supplementary Fig. 6 and Supplementary  
Video 2) associated with a network of interlinked nanofibres (Fig. 3h).

Optical, thermal and mechanical properties  
of SiCellA
Modern windows and skylights are expected to effectively separate 
the controlled indoor environment from the building’s exterior, while 
serving their primary functions enabled by transparency, setting 
requirements for respective material properties1–9. To probe these 
properties, we show that a free-standing slab of SiCellA features very 
high visible-range transmissivity, within 97–99%, much higher than 
~92% of a single clear glass (Fig.4a–c, Supplementary Fig. 1 and Sup-
plementary Table 1). Additionally, the haze coefficient is low, typically 
within 1–3%, depending on the thickness of the SiCellA slab (Fig. 4a,b). 
Highly transparent, low-scattering slabs of varying thickness can be 
made (Fig. 4b and Supplementary Videos 3 and 4). This optical trans-
parency stems from the nanoscale structure of SiCellA (Fig. 3 and Sup-
plementary Video 2), where all length scales of aerogel morphology are 
much smaller than the wavelength of light in the visible spectral range.

The very high porosity of SiCellA, with the content of the solid 
being only ~1% and that of air ~99%, makes effective refractive indices 
of SiCellA materials and air close (Fig. 4d). Because of this low refrac-
tive index ~1.0025 (compare that of air ~1.0003 and glass ~1.52), the 
SiCellA–air interfaces reflect much less light than glass–air interfaces 
so that SiCellA’s light transmission is high throughout the visible and 
near-infrared spectral ranges (Fig. 4a,b,e). Because of the refractive 
index-matching properties of SiCellA and air, prisms of these materi-
als exhibit very small deflection angles while light follows Snell’s law 
at the aerogel–air interfaces (Fig. 4f and Supplementary Video 3). The 
colour rendering index, which quantifies the impact of a material or a 
window on the perception of natural colours38,39 is very high, ~99%, so 
that the natural colours are preserved. Furthermore, SiCellA materials 
can be cut to desired shapes using a regular razor while retaining high 
transparency (Fig. 4c,f) and can be moulded to adopt a large variety 
of geometric shapes and dimensions from millimetres to metres while 
preserving low haze and high transparency (Figs. 1 and 4c,g–j).

transparent thermal barriers strongly limits the energy efficiency of  
window technologies5–9.

Here we demonstrate scalable manufacturing of highly transparent 
silanized cellulose aerogels (SiCellAs) with material characteristics ade-
quate for glazing applications. These highly thermally insulating SiCellA 
materials, sandwiched between glass panes, may allow for windows with 
high resistance R to heat flow, such as RB = 5 h ft2 °F Btu−1 (Imperial units 
common for North America, where Btu stands for a British thermal unit) 
and RS ≈ 0.9 m2 K W−1 (SI units). SiCellA may help to achieve such high-R 
insulation for a geometric form factor of a conventional double-pane 
IGU and may enable glazing for daylighting and skylights, potentially 
exceeding the current standards and targets not only for windows but 
even for building walls1–4,7. While the deployment of IGUs with air or 
other gas fillers is limited by convection at large inter-pane gaps and 
by reflections of light from glass–air interfaces of multi-pane IGUs, 
no such intrinsic limitations exist for SiCellA-based IGUs. This glazing 
may allow for the building envelopes to be designed to better take 
advantage of external conditions to provide natural occupant comfort. 
We show how SiCellA films can be used as IGU fillers and in multi-pane 
IGU designs to replace the inner glass panes and are fully compatible 
with the existing solutions for thermal-range emissivity and solar gain 
control. We envisage that SiCellAs will provide a holistic solution to the 
energy-management challenges that building technologies face, poten-
tially even helping the next generation of buildings harness energy from 
the environment by allowing for better taking advantage of solar heating 
and natural lighting through the increased use of glazing30, provided 
that economically viable manufacturing of SiCellA can be achieved.

Fabrication of window-scale nanostructured 
SiCellA materials
Our transparent, thermally super-insulating SiCellA materials are 
envisaged to boost the efficiency of pre-existing windows and enable 
advanced window products (Fig. 1a,b), as we demonstrate using pro-
totypes of SiCellA-based retrofit films and IGUs at window-relevant 
scales (Fig. 1c–e and Supplementary Figs. 1 and 2). The SiCellA films 
readily adhere to the surfaces of plastic films and glass panes due to 
electrostatic charging. A thin film of SiCellA (Fig. 1c) allows for boosting 
the thermal barrier performance of a single-pane window when used as 
a retrofit laminated on its inner surface as vividly revealed by thermal 
imaging of the exterior glass surface temperature during winter (Fig. 1f). 
The temperature of the outer surface of retrofitted panes is measured 
to be lower than that of similar panes without retrofits because of more 
effective blocking of the heat transfer through the window enabled by 
the installation of a SiCellA retrofit (Fig. 1f). Hot and cold boxes (Meth-
ods), which mimic the interior–exterior heat exchange during summers 
and winters, respectively, illustrate similar superior thermal barrier 
performance enabled by SiCellAs when laminated atop a single-pane 
glass or inserted into the gap of a double-pane IGU (Fig. 1g,h).

To fabricate SiCellA materials, wood-pulp-derived cellulose 
nanofibres are processed by 2,2,6,6-tetramethylpiperidine-1-oxyl 
radical (TEMPO)-mediated oxidation of native cellulose25,35–37 (Meth-
ods and Supplementary Fig. 3). Consequently, the surface charges 
associated with the carboxylate anion preclude aggregation25,30 of the 
nanofibres and allow formation of stable aqueous colloidal dispersions 
at varying concentrations, which can be poured into moulds of desired 
shapes and sizes (Methods and Supplementary Figs. 3 and 4). Adding 
acid interlinks these nanofibres by hydrogen bonds between the car-
boxyl groups, transforming the colloidal dispersion into a hydrogel 
(Supplementary Fig. 4b) with a network of sparse nanofibres25. Next, 
we exchange the fluid medium within the gel by replacing water with 
isopropanol or ethanol (Fig. 2a,b and Supplementary Fig. 4c,d), and the 
gel is then super critically dried to form an aerogel (Fig. 2c and Supple-
mentary Fig. 5a–d)30. These fabrication procedures are highly scalable  
(Fig. 2a–c) and compatible with roll-to-roll processing, combining 
simple steps such as moulding to define the volume of the desired 
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While minimally affecting the visible light transmission (Fig. 4), 
SiCellA can serve as an excellent thermal barrier (Fig. 5), capable of 
boosting the window’s heat transfer resistance R and reducing the 
U-factor measuring how well a window insulates, U = 1/R. The aerogel’s 
thermal conductivity and R depend on porosity30,40 and vary with 
temperature (Fig. 5a,b). For appropriately selected porosities, SiCellA 
outperforms thermal barrier properties of still air, and its performance 
does not suffer from convection-related problems characteristic of air 
and other gas fillers40, as we discuss below in the contexts of window 

products. A vivid demonstration of excellent thermal insulation is 
obtained by placing the slabs of aerogel of different thickness and 
shapes on top of hot surfaces (Fig. 5c).

The nanoscale morphology of SiCellA is such that air molecules 
collide more often with the cellulose network than with each other so 
that a gas thermal conduction is greatly reduced as compared with 
that of bulk air, whereas the poor thermal contacts between fibres 
of the cellulose network minimize the thermal conduction through 
the (~1% by volume) solid component30,40. In addition to these two 
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Fig. 1 | SiCellA-based window retrofits and IGUs. a,b, Schematic drawings of a 
window retrofitted with a SiCellA film (a) and an IGU with a SiCellA film inserted 
between glass panes (b). Schematics depict how window products can be used 
to boost thermal insulation and condensation resistance while maintaining 
visible-range transparency. c, Square-metre, 1.5 mm-thick SiCellA with 99.2% 
porosity adhered to an optically clear plastic film. d,e, Photos of 36 cm × 51 cm 
(d) and square-metre (e) double-pane IGUs with LoĒ-366 coatings on one glass 
pane and 3 mm-thick SiCellA films attached to a surface of the other glass panes. 
Note that the slight colouring in d and e comes from the LoĒ-366 coated glass 
used in these IGUs. f, Single-pane window retrofitted with a 72.1 cm × 71.4 cm 

SiCellA 1.5 mm-thick film (indicated by a white arrow and outlined by a dashed 
line) and photographed from outside with both a regular photo camera (left) 
and a thermal imaging camera (right) in a building on the University of Colorado 
campus. Temperature is coded according to a colour scale. g,h, Infrared thermal 
imaging photos of different types of fenestration mounted in the openings of 
0.78 m × 0.68 m × 0.43 m hot (g) or cold (h) boxes with the inside temperature set 
at 40 °C (g) and −20 °C (h). ‘SiCellA-IGU’ marks a double-pane IGU with a SiCellA 
aerogel film; ‘IGU’ marks a double-pane IGU without SiCellA; ‘Retrofit’ marks a 
single 3 mm-thick glass pane retrofitted with a SiCellA film; ‘Single pane’ marks a 
single 3 mm-thick glass pane.

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-023-01226-7

factors and measured low thermal conductivity, different from air, 
SiCellAs obstruct transmission of thermal-range radiation so that 
the radiative heat transfer is reduced, too (Fig. 5d,e). The aerogels 
based on pristine cellulose are somewhat transparent in parts of the 
thermal range, but silanization of their surfaces substantially reduces 
this transparency (Fig. 5d)30, thus further boosting the thermal barrier 
properties of SiCellA as compared with cellulose aerogels without 
silanization25 as we quantify with the help of transmissive emittance 
weighted over the spectrum of thermal black-body radiation at room  
temperature (Fig. 5e).

In general, the solid networks and gas conduction are the two main 
contributions to the overall thermal conductivity of aerogels25,40, with 
the former decreasing and the latter increasing with porosity, so that 
typically a minimum in the thermal conductivity versus porosity is 
observed, though not within the range of porosities for which we could 
preclude aggregation of nanofibres and assure low haze. Additional 
research and development may allow for further reducing thermal 
conductivity by making SiCellA with other porosities, though here we 
focus on materials with non-aggregated nanofibres that also give very 
high optical transparency. We also note that silanization somewhat 
alters the thermal conductivity values as compared with aerogels made 
of pristine cellulose nanofibres25. Although many aerogels can exhibit 
rather low thermal conductivity25,29,41,42, SiCellA uniquely combines this 
property with very high visible transparency and low haze, as needed 
for window applications.

SiCellAs are optically anisotropic (birefringent, with the differ-
ence between extraordinary and ordinary refractive indices ~4 × 10−3) 
because they are prepared through gelation of nematic colloidal dis-
persions of oxidized cellulose nanofibres (Supplementary Video 5). 
Although not directly relevant to window applications, birefringence 
reveals nematic-like structures of nanofibre organization with slow 
spatial changes of nanofibre orientations, which is key to maintaining 
spatially homogeneous (or slowly varying on scales much larger than 
the visible wavelength) distribution of the effective refractive index 
and reducing light scattering associated with such variations30.

While the poor mechanical stability of conventional aerogels 
hinders many technological uses25,26,42–44, SiCellA materials are mechani-
cally robust (Fig. 6) with properties partly boosted by silanization. 
Compressive and flexural deformations reveal that such materials 
can withstand substential mechanical loads anticipated during manu-
facturing and service of various window products (Fig. 6). Periodic 
cycles of compression reveal no detectable degradation of mechanical 
performance with time (Fig. 6c and Supplementary Figs. 7 and 8). The 
films and slabs of SiCellA of millimetre-to-centimetre thickness can 
be bent and even rolled (Fig. 6c–g and Supplementary Video 6) while 
retaining high transparency, exhibiting no cracks or degradation of 
performance. Because the mechanical properties are porosity depend-
ent, the desired mechanical behaviour can be also tuned by preparing 
samples with different porosities and solid contents (Fig. 6a,b,f). Con-
sidering all characteristics described above, SiCellA materials have a 
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3 mm-thick aerogel (outlined by a dashed line) after drying (e). f, Schematic of 
the vapour-phase silanization of the aerogel. g, Infrared transmission spectra 
of unmodified and modified aerogels, with a carboxylate at 1,712 cm−1 highly 
diminished in the aerogel after the surface modification. h, A photo of a water 
droplet on a SiCellA film’s surface with a contact angle ~155° measured and 
marked on the image.

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-023-01226-7

unique combination of optical, thermal and mechanical properties that 
makes them suitable for applications in window products.

Window products and their durability
There are many stringent requirements for window applications that 
go well beyond the optical, thermal and mechanical characterizations 
described above. Some of them are related to durability of materials 
themselves and the overall glazing products in which these materials 
are used. The thermogravimetric analysis (TGA), derivative thermo-
gravimetric (DTG) and differential scanning calorimetry (DSC) char-
acterizations of silanized and unmodified cellulose aerogels reveal 
that they are thermally stable at ambient and elevated temperatures  
(Fig. 7a,b). Although heating such materials well above 200 °C can 
cause degradation, no such high temperatures are relevant to window 
and skylight applications.

The SiCellA aerogels boost the condensation resistance of 
windows when used both as retrofits and within IGUs (Fig. 7c), with 
SiCellA-retrofitted single-pane glass showing a condensation resist-
ance factor (CRF) (quantifying the window’s ability to resist condensa-
tion of water on its surface at low temperatures; Methods) comparable 
to that of commercial double-pane IGUs1–9. A thin double-pane IGU 
with an air filler replaced by SiCellA shows a CFR of 82, much better 
than that of 35–50 known for commercial double-pane IGUs5–9. As 
envisaged (Fig. 1a,b), SiCellA substantially boosts the condensation 
resistance of window products, including single-pane windows upon 
retrofitting with the aerogel film and IGUs upon inserting the aero-
gel into the gap of a double-paned IGU (Fig. 7c). There is no detect-
able performance degradation after the chemical fogging test of a 
SiCellA IGU (Fig. 7d), which is related to their superhydrophobic nature  
(Fig. 2h). The fortnight-long 80/80 humidity and ultraviolet exposure 

tests reveal no notable/detectable degradation of optical or thermal 
properties of SiCellA IGUs (Fig. 7e,f). By performing the American 
Society for Testing and Materials (ASTM) standard tests ASTM 2189 and 
ASTM 2190-19 (Methods) with the IGU containing SiCellA within its gap, 
we find no condensation within the interior of the IGU and no notable 
changes in light transmission and thermal performance in response to 
chemical processes or factors such as ultraviolet irradiation (Fig. 7d–f 
and Supplementary Table 2).

To create a robust retrofit product, SiCellAs were adhered to 
protective clear plastic or thin glass substrates, followed by their 
lamination atop the inner surfaces of single-pane windows (Fig. 1c,f 
and Supplementary Fig. 1). The thermal resistance R value is propor-
tional to a thickness of an insulating material. Therefore, the ensuing R 
value of a retrofitted single-pane window then depends on the SiCellA 
thickness, as we reveal by combining numerical modelling and experi-
mental measurements (Fig. 8a) that involve both real windows and 
hot/cold box prototypes (Fig. 1f–h and Supplementary Fig. 9). Such 
boosted-efficiency single-pane windows can now match or exceed 
the performance of double-paned windows7 (Fig. 8a). Because the 
single-paned windows still constitute ~40% of all windows, which is 
because multi-paned IGUs are often structurally or architecturally 
incompatible with designs of old, historic buildings, these retrofit 
products may play an important role in capturing window-related 
energy losses of pre-existing buildings (Supplementary Fig. 10)1–4.

Intended for new construction, the IGUs containing SiCellA can 
take many different embodiments, where glass panes with or with-
out different low-emissivity coatings can be used, and the thickness 
of the aerogel filler relative to the overall gap thickness can be var-
ied, along with the thickness of air or other filler gas. The results of 
numerical modelling for such SiCellA IGUs (Fig. 8b,c) are consistent 
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with experimental measurements performed for a set of prototypes 
that we manufactured (Fig. 8d,e), revealing that the general princi-
ples commonly applied to designing glass-based multi-pane IGUs 
can be adequately adapted to using SiCellA panes and fillers. By using 
krypton or argon to fill parts of the gap of SiCellA-containing IGUs, 
when the aerogel fills only part of the gap, the R values can be boosted 
further (Fig. 8f and Supplementary Table 3). Adding SiCellA to win-
dow products does not degrade optical properties of the overall IGUs  
(Fig. 8g,h and Supplementary Figs. 1 and 2) because the transmission 
of SiCellA is very high so that the transmission light losses mainly 
come from glass and different coatings on it. In terms of this, SiCellAs 

are great candidates for the mid panes of IGUs because they allow for 
higher-than-glass transmission, so that IGUs with large numbers of 
mid panes can be developed while retaining high overall transmission  
(Fig. 8g,h and Supplementary Figs. 1 and 2).

Discussion
Modestly transparent cellulose25,27,31, silica20,23,45, organic–inorganic 
hybrid and other aerogels26,28,29,43 have been demonstrated over the 
past decades14,15,17,20,30, attracting initial interest, but many remaining 
challenges associated with stringent requirements of glazing products 
hindered their mainstream applications in windows, skylights and 
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inset (marked by a dashed line) (a) and SiCellA films of different thicknesses 
(b). The inset in b shows the transmittance and haze depending on SiCellA film 
thickness with experimental data points represented by symbols with error bars, 
and solid lines are guides to the eye. Error bars denote the standard deviation 
from eight independent samples. Data are presented as mean values ± standard 
deviation. c, Triangular SiCellA prism with a thickness of 5 mm. d, Spectral 
dispersion of a refractive index as calculated from absorption measurements 

using the Kramers–Krönig relations. Dashed lines mark a refractive index of 
1.0025 determined at 632 nm by measuring a minimum deviation angle of a laser 
beam. e, Visible through near-infrared spectral dependence of transmittance and 
extinction coefficient for a 2 mm-thick SiCellA film shown in the inset. f, Twenty-
five mm-thick SiCellA prism with a 532 nm laser beam passing through without 
deviation because of its refractive index being close to that of air. g–j, Four mm-
thick SiCellA prisms with shapes of a star (g), a pentagon (h), a hexagon (i) and an 
octagon (j).
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other parts of building envelopes. Many aerogels referred to as ‘trans-
parent’, including our previously developed cellulose–polysiloxane 
hybrid aerogels19, do not meet stringent requirements for applica-
tions in IGUs because of the relatively large haze values caused by the 
large fraction of transmitted light being forward scattered. Our work 
overcomes these major challenges as follows: (1) mechanically robust, 

crack-free monolithic SiCellA was demonstrated at window-relevant 
square-metre scales; (2) low haze and high transparency of SiCellA meet 
the requirement of applications in windows; (3) silanization enables 
super-hydrophobicity of SiCellA, making it durable; (4) adhesion of 
SiCellA to glass and plastic films enables its utility in many glazing 
products and (5) simple fabrication steps, including ones compatible 
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with roll-to-roll processing, and low-cost source materials (Supple-
mentary Note 1) will help with the deployment.

The fundamental difference of SiCellA as compared with con-
ventional aerogels is that the size of <100 nm pores and <10 nm 
diameter of nanofibres forming the network (Fig. 3) is controlled 
to be much smaller than the visible light wavelengths uniformly on 
window-relevant (square-metre) scales, assuring high visible-range 
light transmission 97–99% (much better than ~92% transmission of 
generic clear glass) and haze ~1%. These lightweight materials with 
mass density ~1% of glass density are mechanically robust to take forms 
of free-standing films that exhibit thermal conductivity lower than 
that of still air (Fig. 5). SiCellA can be manufactured at a relatively 
low cost (Supplementary Note 1) and in a scalable way, promising to 
enable entirely different types of IGU, skylight, daylighting and even 
SiCellA-containing window frame design. The abundant source mate-
rial, which is the wood pulp in the present study, can also be derived 
from waste of food- and beer-production industries46–48 with the help 
of bacteria, with the cost of the end SiCellA film on the order of US$1 
per square foot in both cases (Supplementary Note 1). Additionally, the 
solar gain control can be potentially done with reflective cholesteric 
filters based on nanocellulose49–51.

Costs and scaling challenges associated with critical-point drying 
(CPD) are known obstacles for deploying aerogels, with alternative 
approaches of ambient drying being actively developed (including 
ones with optical transparency)52,53. However, the ability of using rolled 
aerogel films within the CPD-based drying process, along with pump-
less operation and solvent drying mitigates this problem for SiCellA 

while yielding superior optical properties. While specific economically 
viable technical solutions for manufacturing of installation-ready 
window products still need to be developed, similar to the case of 
non-transparent aerogels used in pipe insulation and recently even in 
some parts of building envelopes, the ability of rolling during different 
stages of aerogel manufacturing may help lowering manufacturing 
costs and, thus, also market penetration.

Deployment of SiCellA could increase the use of glazing in building 
envelopes because the aerogel-enhanced windows can exceed current 
and near-future targets for R values of glazing. The low mass density is 
a key for structural compatibility and retrofitting old windows and for 
unconventional multi-pane IGU designs. SiCellA’s combination of very 
high transparency and low thermal conductivity at the scale of building 
materials is a breakthrough, which opens unique opportunities in har-
nessing and controlling solar energy delivered to buildings, depending 
on climate- and season-related needs. The boosted performance of 
SiCellA-based IGUs is directly linked to low thermal conductivity and 
high visible transmission of these materials when used as the middle 
panes of IGUs. The reflection coefficient at the air–SiCellA interface is 
approximately ten times lower than at the glass–air interface, so that 
multi-pane assemblies with SiCellA-based middle panes exhibit lower 
light loss due to reflections as compared with their standard counter-
parts. For a quadruple-pane IGU assembly, for example, the light loss 
can be reduced by ~16% upon replacing two middle glass panes with 
SiCellA counterparts (Fig. 8). Each additional SiCellA pane reduces 
light transmission by less than 1% so that, hypothetically, even ten-pane 
IGUs can be possible (not possible for glass mid panes as a glass-based 
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ten-pane IGU prevents nearly all light from passing due to reflections 
at 20 interfaces).

In SiCellA-based IGUs, panes can be separated by gaps of a thick-
ness varying within 6–16 mm, which can be optimized depending on 
a gas filler (Fig. 8b–f and Supplementary Table 3). For example, with 
~3 mm outer glass and mid-layer SiCellA panes, a triple-pane IGU can be 
made to have ~21 mm overall thickness of a standard double-pane IGU 
to replace one while providing much better insulation at comparable 
optical transmission. Designs of IGUs can mix free-standing SiCellA 
mid-layers and ones adhered to glass panes on their inner surfaces. 
With thermal conductivity lower than ~26 mW K−1 m−1 of still air and 
no convective transfer, the SiCellA-based IGUs can allow for better 
insulation per inch of a material than a regular double-pane window 
with an air gap7 (Fig. 8 and Supplementary Figs. 1 and 2). Low-emissivity 
coatings can be applied to glass surfaces, such as the inner surface of 
the exterior glass pane (Fig. 8), though the low-emissivity coatings 
provide a smaller additional boost of insulation for SiCellA-based IGU 
assemblies with intrinsic RS > 1.6 m2 K W−1 (RB > 9 h ft2 °F Btu−1).

Although the initial deployment of SiCellA-based glazing prod-
ucts will probably focus on conventional windows, SiCellA can also be 
designed to be translucent and with backscattering for other glazing 
uses, such as skylights and privacy windows, in which case SiCellA can 
be deliberately made hazier. High R values will be attractive for integra-
tion of SiCellA-based IGUs with electrochromic and other technologies 
for privacy and solar gain control33,34,36, especially in the multi-pane IGU 
designs (Fig. 8), so that all-in-one solutions for high energy efficiency 

can be realized. The SiCellA-enabled glazing may allow the building 
envelopes to better take advantage of external conditions while provid-
ing natural occupant comfort and potentially even harnessing energy 
from the environment.

Conclusions
In summary, we demonstrate scalable manufacturing of highly trans-
parent silanized cellulose aerogels, called SiCellAs, for glazing appli-
cations. SiCellA films can be used as IGU fillers and in multi-pane IGU 
designs to replace the inner glass panes and are fully compatible with 
the existing solutions for thermal-range emissivity and solar gain con-
trol. The market penetration of SiCellA-based products will depend on 
the ability to manufacture them at low cost, which will require further 
research and development.

Methods
Source materials and oxidation of cellulose
Never-dried hardwood cellulose pulp was obtained from Nine Dragons 
Paper (Rumford Division). This hardwood kraft pulp with a water con-
tent of 92% had been kept in a wet stage after the bleaching treatment. 
The pulp was demineralized by stirring it in an HCl (0.1 M) solution for 
1 h, after which it was washed with deionized (DI) water by filtration and 
then stored at 4 °C without drying. The TEMPO oxidation of the cellu-
lose pulp was started in a basic medium with a pH of 10 (Supplementary  
Fig. 3d,e). TEMPO (28.92 mg, 0.094 mmol) and NaBr (317.64 mg) were added 
to the suspension, followed by addition of 1 M NaOCl solution (10 ml).  
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When the pH drop was less than 0.01 per minute, the solution was 
transferred to a blender and blended for several minutes with a relative 
centrifugal force of 300 g (at 1,500 r.p.m.) (Supplementary Fig. 3f).  
This breaks down the cellulose fibre agglomerates and allows deeper 
penetration of the oxidation agent. After a total blending time of 
15 minutes, the solution was placed back on a stirring plate and the 
pH was again adjusted to 10. This process was repeated until the pH 
of the solution drops less than 0.5 after blending. When the pH of 

the solution dropped less than 0.03 in one hour, the reaction was 
considered finished. The solution was then centrifuged at 10,800 g 
(9,000 r.p.m.) for 20 minutes to filter the excess chemicals out of 
the cellulose solution. This process was repeated several times, each 
time replacing the waste liquid with DI water to remove the remain-
ing chemicals from the solution until only pure, oxidized cellulose 
fibres remained. The oxidized nanocellulose was then recovered 
by centrifugation and washed thoroughly with DI water, which was 
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Fig. 8 | Windows products containing SiCellA. a, U and R values for a single-
pane window retrofitted with SiCellA of varying thickness on a 100 μm-thick 
supportive substrate attached to a glass pane (inset schematic); lines and 
symbols, respectively, show calculated and measured data. US and UB show U 
values, respectively, in SI and Imperial units. Error bars denote the standard 
deviation from nine independent samples. Data are presented as mean values 
± standard deviation. b, U and R values versus aerogel thickness calculated for 
a triple-pane IGU of a fixed total thickness of 32 mm and SiCellA used instead 
of a middle-pane layer and a low-emissivity coating on one of the glass panes. 
c, U and R values versus SiCellA thickness calculated for a triple-pane IGU with 
a SiCellA film in the middle and a 12 mm gap between a glass pane and SiCellA. 
Solid and dashed lines are calculated for 0% and 16% of average thermal-range 
infrared transmittance, respectively. d, A photograph of fabricated triple-pane 
15 cm × 15 cm IGU with 3 mm-thick SiCellA film used as a middle pane and air 

gaps between glass panes and SiCellA fixed at 12 mm. e, Calculated (lines) 
and measured (symbols) U and R for a triple-pane IGU shown in d. Error bars 
denote the standard deviation from three independent measurements. Data are 
presented as mean values ± standard deviation. f, Calculated R values for triple-
pane aerogel IGUs with 3 mm-thick SiCellA film used as a middle pane and two 
clear glass panes (IGU 1) or one clear glass pane and LoĒ-180 (IGU 2) or LoĒ-366 
(IGU 3) coating filled with air, argon and krypton. g, Spectral dependence of 
total and diffuse transmittance of triple-pane IGUs with 3 mm-thick SiCellA film 
used as a middle pane. Right-side inset shows photographs of corresponding 
IGUs. h, Spectral dependence of total visible transmittance of a triple-pane IGU 
with 3 mm-thick SiCellA between two 3 mm-thick clear glass panes and air gaps 
of 14 mm (1), double-pane IGU with two clear glass panes of 3 mm thickness and 
31 mm air gap (2), 3 mm-thick glass pane retrofitted with 2 mm-thick SiCellA (3), 
2 mm-thick free-standing SiCellA (4) and air (5).
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then mechanically ground with a 1,500 W grinder (Supplementary  
Fig. 3g), followed by sonication with Branson Sonifier for 15 min at 30% 
amplitude. Oxidation of the unreacted C6 hydroxyl groups of cellulose 
into C6 carboxylate groups was further performed using NaClO2 as 
the primary oxidant, with catalytic amounts of TEMPO and NaClO in 
water at a pH of 4.8–6.8. TEMPO again allowed for the selective and 
efficient conversion of the C6 hydroxyl groups. One M dibasic sodium 
phosphate (2.35 ml) and 1 M monobasic sodium phosphate (2.65 ml) 
solutions were added to 1 g TEMPO-oxidized cellulose nanofibre solu-
tion (Supplementary Fig. 3h) to act as a buffer during the reaction. This 
was stirred at 15 g (500 r.p.m.) for approximately 5 minutes and then 
20 ml was removed and set aside to dilute the sodium hypochlorite 
later before adding it to the reaction vessel. TEMPO (25 mg) and sodium 
chlorite (1.13 g) were then added to the oxidized cellulose nanofibre 
dispersions and were stirred at 15 g (500 r.p.m.) for approximately 
20 minutes until these additives were fully dissolved. Sodium hypochlo-
rite (0.455 ml) was then added to the 20 ml separate solution. The 
diluted sodium hypochlorite was then added to the cellulose nanofi-
bres dispersion, and the reaction vessel was immediately sealed. The 
solution was placed in a water bath at room temperature and stirred 
at 15 g (500 r.p.m.) for approximately 30 minutes. The water bath was 
then heated to 60 °C and the reaction was allowed to run continuously 
for 72 h. The solution was centrifuged at 10,800 g (9,000 r.p.m.) for 
20 minutes to filter the excess chemicals out of the cellulose solution. 
This process was repeated several times, each time replacing the waste 
liquid with DI water to wash out the remaining chemicals until only 
pure, oxidized cellulose fibres remained. Next, the dispersion was 
sonicated with a Branson Sonifier for 30 minutes and filtered with 
Whatman filter paper 2 to get the final oxidized cellulose nanofibre 
dispersion in water.

Preparation of aerogels
Aqueous TEMPO-oxidized cellulose nanofibre dispersions with con-
centrations ranging from 0.5% to 2% were poured into plastic moulds 
of desired thickness ranging from 1 mm to 25 mm (Supplementary  
Fig. 4a,b). To initiate gelation, 0.5 M HCl was sprayed into the dispersion 
for a few seconds with a fine spray. Keeping the sprayed HCl spread over 
the dispersion, it was allowed to stand for 30 min without any distur-
bance. The resulting hydrogel was then moved to a 0.1 M HCl solvent 
bath for 24 h to make sure that the gelation is complete. The ensuing 
rigid hydrogel was taken from the mould, and the acid was then washed 
out by DI water and moved to a water–ethanol mixture (50 vol% each) 
followed by the solvent exchange to ethanol (Fig. 2a and Supplemen-
tary Fig. 4b–d). Because the ethanol makes azeotrope with water, we 
used an elevated temperature of 60 °C during the water-to-ethanol 
exchange (Supplementary Fig. 4c,d). The ensuing alcogel is then rolled 
and moved to a CPD chamber to dry (Supplementary Fig. 4g and Sup-
plementary Fig. 5a–c), with the initial chamber temperature and pres-
sure set at 5 °C and 800 psi (pound per square inch), respectively. The 
next step involved purging ethanol from the chamber and replacing 
it with liquid CO2. Then, the temperature was raised to 40 °C and the 
pressure was set at 1,500 psi, and the ethanol leftover was purged while 
within the supercritical phase for 30 min. The final step of the process, 
bleeding of supercritical CO2, was then started slowly, at 25 psi min−1, 
and the chamber was gradually depressurized within about 1 h. The 
resulting aerogels were kept at 60 °C for 1 day before characterization 
and functionalization (Supplementary Fig. 4i,h). CPD chambers with 
cylinder-shaped inner volume of two different dimensions were used 
(diameter × height sizes of 16.5 cm × 2.5 cm and 16.5 cm × 104 cm), 
depending on the size of SiCellA being dried (Supplementary Figs. 4g–k 
and 5c–f). Additional details on CPD drying while recycling solvents via 
pumpless operation are provided in Supplementary Note 2. We also 
note that a slightly modified fabrication procedure as compared to 
what is described above can involve first rolling the gel on the plastic 
support in its hydrogel state while using spacers and then doing solvent 

exchanges in cylindrical containers before again obtaining a rolled 
alcogel for CPD drying.

Silanization of dried aerogels
Chemical vapour deposition of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane 
(PFOES) on the unmodified TEMPO-oxidized aerogels was done to 
transform the amphiphilic cellulose to the one with the hydropho-
bic surface via silane functionalization of the cellulose nanofibres. 
The unmodified TEMPO-oxidized cellulose nanofibre aerogel was 
placed on the top of a Teflon mesh supported with a stainless steel 
mesh. It was then placed in the middle of a 3 l clear polycarbonate 
vacuum desiccator with the sample thus suspended to functional-
ize through the interaction with the vapour-phase (Supplementary  
Fig. 11a) silane molecules. Liquid PFOES (1 mmol g−1 of unmodified  
aerogel) was previously placed inside the lower part of the desiccator 
with a 5 ml Teflon PTFE beaker. The desiccator was sealed, evacuated 
and moved into an oven which was preheated to 95–99 °C while keep-
ing the temperature below 100 °C (temperatures above 100 °C were 
observed to reduce transmittance of the silanized aerogel). The reac-
tion time and temperature depend on the thickness of the unmodi-
fied aerogel sample (Supplementary Fig. 11b), which was optimized 
based on repeated test experiments54. PFOES molecules undergo 
hydrolysis and chemical condensation reactions with unmodified 
TEMPO-oxidized cellulose nanofibres for grafting.

The desiccator was then removed from the oven and allowed to 
cool down to room temperature. Nitrogen gas was flushed into the 
cooled desiccator to release the vacuum. The resulting superhydro-
phobic aerogel inside the desiccator was purged once again with more 
nitrogen gas to clean the aerogel with inert gas. The effectiveness and 
universality of the silane functionalization on thick samples were 
examined with probing transmittance infrared spectra and water 
contact angle measurements (Fig. 2g,h). The modified aerogels were 
kept in the oven at 50 °C for 24 h of further characterizations and 
application. Most commonly (and for all SiCellA samples charac-
terized in Figs. 1–8), silanization of cellulose molecules was done 
after fabricating aerogels, as depicted in Fig. 2f and Supplementary  
Fig. 4g–k, though modification at the hydrogel stage can be also done 
(Fig. 4e,f,h). Uniformity and universality in optical properties of a 
square-metre SiCellA sample (2 mm thick) were analysed for randomly 
selected 20 sample areas from the different regions of the aerogel. 
The summary of the 20 measurements of transmittance is provided 
in Supplementary Fig. 11c. The obtained superhydrophobic SiCellA 
materials (Fig.2h and Supplementary Video 1) exhibited the desired 
physical properties, comparable to or better than unmodified cel-
lulose aerogels, as detailed below.

The mechanical and optical properties of the SiCellA are strongly 
influenced by silanization. The synergetic effect of silanization and 
nanoporous structural design resulted in an optimized elasticity 
and optical properties of SiCellA. The silanized aerogels exhibited 
enhanced mechanical performance (200–300% of the increase in ten-
sile and compressive stress of SiCellA than unmodified aerogel), with 
modified nanoscale porous structure also achieved through silaniza-
tion (Fig. 3). The SiCellA has higher values of tensile stress (270 kPa) 
and strain (8.8%) than their corresponding unmodified counterparts 
(Fig. 6a,b,f). The ultimate compressive stress of the SiCellA is 1.5 MPa, 
which is three times higher than the respective unmodified aerogel. The 
enhanced interaction of the silanized cellulose chains within the net-
work after silanization resulted in a substantial increase in deformation 
resistance, ductility and toughness of SiCellA (Fig. 6). No notable differ-
ence was detected in optical properties of the SiCellA and unmodified 
cellulose aerogels for the studied samples prepared under optimized 
conditions. The silanization process makes nanocellulose-based aero-
gels fire retardant and not flammable, meaning that they do not ignite 
or burn when exposed to an open flame, though they can be damaged 
and eventually destroyed by the open fire.
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Hydrogel-stage silanization
As an alternative to modifying dried aerogels, silanization was also done 
at the hydrogel stage, yielding similar results in terms of aerogel prop-
erties. In this case, the silanization of cellulose molecules of the fabri-
cated hydrogel was done using vinyltrimethoxysilane as the coupling 
agent (Supplementary Fig. 4e–h). The fabricated TEMPO-oxidized 
cellulose hydrogels were dipped in a circulating bath of ethanol/water 
mixture at the 60:40 ratio with the optimized concentration (5%) of 
the coupling agent for 4 h (ref. 55). To ensure efficient coating of vinyl-
trimethoxysilane coupling agent on the individual exposed cellulose 
nanofibres, the pH of the solution was maintained between 3.5 and 
4 by using the METREPAK Phydrion buffers55. Afterwards, the etha-
nol–water mixture was drained out and replaced with pure ethanol by 
repeated washing. The ensuing silanized TEMPO-oxidized cellulose 
alcogels were dried in a CPD chamber (Supplementary Fig. 4f–h). The 
vinyltrimethoxysilane-modified aerogels produced after CPD drying 
were kept in the oven at 60 °C for 24 h before applying to window 
applications and further characterizations.

Thermal characterization
Thermal conductivity, k, of aerogels was characterized by two methods: 
using a commercial heat flow meter Netzsch HFM 446 or by measuring 
the heat flux through the sample using a sensor (FluxTeq), depending 
on dimensions of the samples. In the former case, the aerogels were 
prepared with dimensions specified in instrument’s guidelines, with 
lateral size ranging from 10 cm × 10 cm to 20 cm × 20 cm, whereas 
the latter method was used for samples of sizes from square inch to 
square metre.

Thermal conductivity of large-area aerogel films and the U values 
of SiCellA aerogel prototypes were determined by measuring the heat 
flux through the samples56–58. To study the heat exchange between the 
interior and exterior environments separated by a window retrofitted 
with a SiCellA film and to measure its U value, we have built an environ-
mental hot/cold box apparatus (Supplementary Fig. 9). The overall 
dimensions of the box were 1.3 m × 1.3 m × 0.5 m, with its insulating 
double walls built using a commercial polystyrene foam of 38 mm wall 
thickness and RS ≈ 1.8 m2 K W−1 / RB = 10 h ft2 °F Btu−1 (FOAMULAR NGX). 
The hot/cold box could fit samples of different aspect ratio and area 
up to 1 m2. To mimic the heat exchange between the building’s interior 
and the outdoors environment under different conditions, the inside 
of the box was heated with an electronically controlled heating band 
or cooled with dry ice. Thus, the internal temperature of the box, which 
corresponds to the outdoor ambient temperature, could be changed 
within a wide range of approximately −70 °C to 100 °C. The air tem-
peratures inside, Te, and outside, Ti, the box, and temperatures of the 
window surfaces were continuously monitored with thermocouples. 
The heat flux sensor (FluxTeq) was used to measure the heat flux flow, 
q, through the measured assembly or IGU. Data from the heat flux 
sensors and thermocouples were collected by a computer using an 
automatic data-acquisition software (Supplementary Fig. 9). The heat 
flow through the characterized SiCellA material, assembly or IGU could 
be monitored over hours or days, if necessary. This system was used to 
measure thermal conductivity, thermal conductance, U and R values. 
For example, the U value of our window retrofitted with an aerogel film 
or IGU was calculated as56–58 U = 1 / R = q / (Ti − Te) using the measured 
values of q, Ti and Te.

Optical characterization
The ultraviolet through visible and near-infrared spectra were meas-
ured by a Cary 500 scan spectrophotometer in transmission mode. 
The total and diffused transmission spectra in the visible region (400–
800 nm) of aerogel films were recorded with an integrating sphere 
(Labsphere DRA-CA-5500) with an inside diameter of 150 mm and 
coated with barium sulfate. The haze coefficient values, quantifying 
the amounts of scattered light, were calculated based on the total and 

diffused transmission measurements using the integrating sphere fol-
lowing the ASTM D1003 (Standard Test Method for Haze and Luminous 
Transmittance), commonly used for haze measurements in windows 
applications. For optical transmittance and haze measurements, the 
samples were mounted at the entry port of the integrating sphere and 
calibration was done using diffuse reflectance standards. The samples, 
with an area of 10 cm × 10 cm for free-standing, retrofitted samples and 
10 cm × 10 cm × 3.6 cm for triple-pane IGUs were normally inserted in 
the instrument’s standard sample compartment. To enable the mount-
ing of these modestly large samples, the standard sample compartment 
covers were removed and a light-tight customized housing was used.

Fourier-transform infrared spectroscopy experiments were per-
formed in the mid-infrared (2.5–25 µm) region using a Nicolet 6700 
Fourier-transform infrared spectrometer with a deuterated trigly-
cine sulfate detector (4,000–400 cm−1) in a transmission mode. A 
gold-coated integrating sphere with a diameter 75 mm (PIKE Technolo-
gies, Mid-IR Upward-looking InegratIR) was used in both reflection 
and transmission modes with a wide-band (4,000–500 cm−1) Mercury 
Cadmium Telluride detector. These measurements allowed for char-
acterizing thermal–infrared-range transmissivity of various unmodi-
fied and SiCellA aerogels shown in Fig. 5d. The weighted transmissive 
emittance (W m−2 µm−1), that is, the ratio of the thermal transmittance 
from aerogels to the radiation from an ideal black body at the same 
temperature, were calculated by multiplying black-body emittance at 
300 K by the averaged transmittance of aerogels at each wavelength 
(Fig. 5e). Those data were used as an input for modelling of thermal 
performance of fabricated glazing products.

The colour appearance of objects seen through materials and IGUs 
is quantitatively described by a colour rendering index38,39. The colour 
rendering index of SiCellA films and SiCellA IGUs was determined based 
on light transmission measured by a Cary 500 scan spectrophotometer 
while following ASTM standards38,39,59,60 and was found to be >99%, 
meeting requirements for IGUs.

Optical microscopy observations of hydrogel, alcogel and aero-
gel samples were performed using an upright Olympus microscope 
BX-51. A digital camera Nikon D50 mounted on the microscope and 
small-magnification (2× or 4×) Olympus objectives were used to take 
photographs of water droplets on the surface of SiCellA films, which 
allowed for measuring a contact angle and determining surface wet-
tability using ImageJ software (freeware, National Institutes of Health). 
Refractive index values of SiCellA aerogels were obtained by measuring 
a minimum deviation angle by a prism made of this material61–63, where 
a laser beam from a 632 nm helium–neon laser (Edmund Optics) was 
deviated by an aerogel prism placed on a rotating holder (Olympus). By 
measuring a minimum deviation angle of a beam and a corresponding 
incidence angle, refractive index values of transparent aerogels were 
determined with high accuracy61–63. Additionally, a spectral dispersion 
of a refractive index (Fig. 4d) was obtained from the measured absorp-
tion data of aerogel films by using the Kramers–Krönig relation61,64. 
To measure optical birefringence in 12 mm-thick aerogel samples 
with porosity of 99.1%, we used a Berek compensator U-CTB (Olym-
pus) mounted on a microscope in an optical path immediately after 
a SiCellA sample.

Mechanical characterization
Tensile mechanical measurements were done using a DMA 850 appa-
ratus (TA Instruments) with a standard tension clamp attachment. 
The compression, three-point bending and cycles of compression 
and elongation were recorded using the RSA-G2 Solids Analyser. Initial 
dimensions of samples were used to convert these measurements to 
stress and strain with TRIOS software (TA Instruments). Mechanical 
properties were also probed under cyclic tension/compression up to 
a maximum strain of 6% for silanized aerogels (Fig. 6c and Supplemen-
tary Fig. 8). In each cycle, the stress rose linearly with increasing strain 
to a maximum value, at which the load was removed and the stress 
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typically came back to the original value (Supplementary Figs. 7 and 
8), indicating no hysteresis behaviour at up to 6% strain on compres-
sion and elongation. Below 6% strain, the maximum value of stress 
remained constant with increasing the cycle number, confirming the 
overall robust mechanical performance of SiCellA materials (Fig. 6 and 
Supplementary Figs. 7 and 8).

Material stability and window product durability
TGA was performed for both unmodified and silanized aerogels in the 
N2 atmosphere at 25–500 °C. TGA runs were performed with a Netsch 
STA 449 F1 Jupiter thermogravimeter with an alumina crucible at a 
heating rate of 10 °C min−1 in argon atmosphere. The thermal stability 
was characterized using a basic mass loss rate, dm / dt, normalized by 
the total mass lost. DSC was performed using the Q1000 instrument 
(TA Instruments) with an aluminium hermetic crucible. All tests were 
performed in the N2 environment, with the heating and cooling rates 
set to 10 °C min−1 and with temperature ramping between 30 °C and 
250 °C for one cycle total.

High relative humidity (RH) environments are common for IGUs, 
especially when installed in tropical or sub-tropical climate regions. 
The excessive moisture and oxygen in the air can react, for example, 
with the secondary silicone sealant, accelerating its ageing process and 
degrading the performance of the IGU. In our study, a high RH envi-
ronmental test chamber was used to generate a temperature regime 
of 80 °F (27 °C) at a high RH of 80%. SiCellA-containing IGUs were 
placed in the chamber for 14 days. The properties of the IGUs before 
and after the test were then measured, revealing robust performance 
(Fig. 7e). The fogging test (also known as a ‘chemical outgassing test’) 
is intended to determine the resistance of preassembled, sealed IGUs 
to fogging, which could occur due to chemical outgassing of materi-
als and assembly components within the IGU. The test is conducted 
for 14 days in a special box equipped with an ultraviolet light source, 
an air circulating fan and a cooling plate according to the standard 
ASTM E2189, with the outcomes revealing no degradation of physical 
properties (Fig. 7d). For the ultraviolet exposure test, the IGUs were 
placed into the ultraviolet illumination chamber and exposed to a 
500 W ultraviolet radiator with the output power of 40 W m−2 or higher, 
where the ultraviolet exposure photons have energies comparable 
to the dissociation energies of polymer bonds (300–1,000 kJ mol−1). 
SiCellA-containing IGUs were kept in the chamber at 50 ± 3 °C for  
30 days of exposure and then characterized, revealing no substantial 
property degradation (Fig. 7f).

Condensation resistance
Cold temperatures of a window’s inner surface can cause moisture 
from the interior of a room to condense on it as droplets of water when 
these temperatures are below the dew point. Being highly likely at high 
indoor RH, the condensation impacts the transparency of windows and 
the indoor humidity, which may degrade the indoor air quality. To com-
pare the condensation resistance of SiCellA-based window products 
and their counterparts, we measured their CRF65,66, which quantifies 
how well a window resists condensation on the interior-facing surface. 
Typical CRF values are 5–15 for single-pane, 35–50 for double-pane and 
60–80 for triple-pane IGUs. To measure CRF, we used a home-built 
cold box apparatus (Supplementary Fig. 9a). The temperature inside 
the apparatus, which represents the outside ambient environment 
and exterior temperature, was lowered using dry ice and the tempera-
tures of all IGU surfaces were continuously monitored by thermocou-
ples (FluxTeq). Figure 7c shows dependencies of the temperature of 
the interior pane surface on the exterior temperature for different 
characterized fenestrations. The CFR was calculated as CRF = 100 
(Tc − Te) / (Ti − Te), where Tc, Ti and Te are, respectively, the temperature of 
the IGU’s inner surface facing the room, internal room temperature and 
external temperature experimentally measured when water condenses 
on the IGU. Condensation was detected visually and also via measuring 

the drop of intensity of a 632 nm laser beam (Edmund Optics) passing 
through the centre of IGU66.

Nanoscale characterization
Transmission electron microscopy (TEM) characterization was done 
by recording tilt series on a Titan Krios G3i at 300 kV under low dose 
conditions. SerialEM was used to record the tilt series and reconstruc-
tion of the tomographic data was done using IMOD image processing 
software67,68. The individual cellulose nanofibres within aqueous dis-
persions were negatively stained with 1% phosphotungstic acid before 
the TEM imaging using a Tecnai ST20 200 kV (Fig. 3a–d). Thin aerogels 
were fabricated and dried on 300-mesh Au carbon film TEM grids for 
imaging to avoid possible changes of the internal structure during 
transfers and processing.

Characterization of nanoscale porosity of aerogels was also car-
ried out with Nitrogen adsorption–desorption measurements, which 
were performed on a Quantachrome NOVA touch pore analyser at 
77 K. Before these measurements, the aerogel samples (about 50 mg 
each) were kept at 60 °C for 48 h, outgassed under vacuum at 50 °C for 
at least 24 h and then squeezed into tube-shaped sample holders. By 
using ASiQwin software, the specific surface area was calculated based 
on the Brunauer–Emmett–Teller (BET) multi-point method and then 
pore-size distribution was evaluated according to the density func-
tional theory models implemented within the instrument’s software. 
The specific surface area was determined by the BET methods from the 
linear region of the isotherms in the relative pressure (P / P0) range of 
0.03–0.3. The specific surface area and pore-size distribution measure-
ments were evaluated by the density functional theory method. The 
total pore volumes were estimated from the amount of N2 adsorbed 
at P / P0 = 0.99 for porosities of the studied aerogels ranging within 
99.3–97.5%. Adsorption isotherms, total surface area, individual and 
cumulative pore surface area of the unmodified and silanized aerogel 
were characterized (Fig. 3f,g and Supplementary Fig. 6).

Modelling and characterization of SiCellA-based products
Numerical simulations of SiCellA-insulated glazing units (Fig. 8 and 
Supplementary Table 3) were performed using the Berkeley Lab  
WINDOW 7.7 software69 while assuming 1,000 mm by 1,000 mm lateral 
dimensions and SiCellA’s thermal conductivity of ~0.014 W K−1 m−1 
(Fig. 5a,b). All spectral characteristics were experimentally obtained 
using spectrometers, as described above, and then loaded into the 
user-defined input of the International Glazing Database while using 
Berkeley Lab Optics 6 for defining optical layers and calculating spec-
tral data69. The glass panes were assumed to be made of a generic 
clear glass (3 mm thick), unless noted differently. For retrofits, either 
a generic thin glass (0.5 mm thick) or a polyethylene terephthalate film 
of 0.2 mm thickness was used as back-supporting protective layers of 
the SiCellA-based retrofit prototypes. For low-emissivity coated glass 
panes, we used 3 mm-thick LoĒ-180, 272 and 366 window products of 
Cardinal Glass Industries, with the physical characteristics available in 
the International Glazing Database.

Fabrication of SiCellA-based products
The SiCellA were fabricated and adhered to plastic substrates used 
as a mould during fabrication and as a protective layer in the retrofit 
product. Alternatively, free-standing films of SiCellA could be eas-
ily electrostatically adhered to glass substrates and plastic support 
layers during retrofit installation so that only edges of the retrofitted 
windows needed sealing. For low-emissivity coated glass panes, we 
used 3 mm-thick LoĒ-180, 272 and 366 window products of Cardinal  
Glass Industries. IGUs with different lateral dimensions, ranging 
from 10 cm × 10 cm to 100 cm × 100 cm, and the number of glass or 
SiCellA panes were fabricated and experimentally characterized. The 
3 mm-thick free-standing SiCellA aerogels were used as the middle 
panes of SiCellA-based triple-pane IGUs. The gap thickness between 
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glass and SiCellA panes was defined by spacers from Super Spacer 
SS1466 Gray Edgetech with 6.3 mm and 12.7 mm width. The boundaries 
of the IGUs were sealed airtight with Silicone Foam and Metal Spacer I. 
G. Sealant (C.R. Laurence Co.).

Data availability
All data generated or analysed during this study are included in the pub-
lished article and its Supplementary Information and Source Data files. 
Additional information is available from the corresponding author 
upon reasonable request. Source data are provided with this paper.
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