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The search for more-sustainable materials has motivated research on 
lightweight, porous structures for thermal insulation and noise reduction, 
such as for construction and cold-chain transportation. Wood, known as one 
of the most renewable materials on Earth, has been widely and long used in 
construction for its high strength/weight ratio, wide abundance, low cost 
and relative sustainability. However, natural wood is much less effective at 
reducing noise or preventing heat loss than conventional petroleum- and 
mineral-based porous structures (for example, expanded polystyrene foam 
and mineral wool). Here we report the extraordinary noise-reduction and 
thermal-insulation capabilities of a scalable, high-porosity wood structure, 
‘insulwood’, fabricated by removing lignin and hemicelluloses from natural 
wood using a rapid (~1 h) high-temperature process followed by low-cost 
ambient drying. Insulwood demonstrates a high porosity of ~0.93, a high 
noise-reduction coefficient of 0.37 at a frequency range of 250–3,000 Hz 
(for 10-mm-thick wood), a low radial thermal conductivity of 0.038 W m–1 K–1 
and a high compressive strength of ~1.5 MPa at 60% strain. Furthermore, this 
new wood-based material can be rapidly processed into a vacuum insulation 
panel (~0.01 W m–1 K–1) for thermal insulation applications with limited space 
(for example, refrigerators, cold-chain transportation and older buildings). 
The material is unique in its combination of renewable source materials, 
high porosity, high sound absorption, low thermal conductivity and high 
mechanical robustness, as well as in its efficient, cost-effective and scalable 
manufacturing. These attributes make insulwood promising as a sustainable 
construction material for improved noise and thermal regulation.

In the United States, buildings account for ~40% of energy consumption 
and are the source of ~38% of carbon dioxide (CO2) emissions1. Reducing 
both the embodied CO2 that is emitted during the life cycle of building 
materials and the operational energy consumption of heating, ventila-
tion and air conditioning systems would play a critical role in minimiz-
ing CO2 emissions. An additional problem associated with buildings 

is the noise from road traffic, construction sites and social activities, 
which can affect the health and well-being of residents. Therefore, 
developing a high-performance multifunctional construction mate-
rial that can both block sound transport and retard heat loss through 
walls and roofs is key for improving occupant comfort and lowering 
carbon footprints. High-porosity structures (>0.9) can effectively 
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a low thermal conductivity of 0.038 W m–1 K–1 and a high compressive 
strength of 1.5 MPa (60% compression) due to the retention of the 
original hierarchical wood structure. We also showed the heat trans-
fer inside the insulwood can be further suppressed by sealing and 
vacuuming air from the material to form a highly insulated vacuum 
insulation panel (VIP; Fig. 1a), enabling a low thermal conductivity 
of ~0.01 W m–1 K–1, which is approximately one-third lower compared 
with stationary air (~0.026 W m–1 K–1, 300 K, 1.0 atm). As a result of the 
aligned pores inherited from the natural wood starting material, the 
outgassing rate of the insulwood is twice as fast as that of expanded 
polystyrene foams, which feature random pores, thus decreasing the 
time and energy needed to fabricate the panel. Most importantly, this 
fabrication process is compatible with existing infrastructures for 
delignification, chemical recovery methods and wastewater treatment 
in the pulp and paper industry32,33, simplifying transition into industrial 
manufacturing. Therefore, this work demonstrates a sustainable and 
scalable insulation material for walls, roofs and floors that can improve 
residential comfort in terms of decreased thermal and sound transfer 
as well as provide enormous potential environmental benefits.

Results and discussion
Insulwood preparation and its structure characteristics
To prepare the insulwood (Fig. 2a), we selected natural paulownia 
wood (Paulownia tomentosa, density of 0.25–0.30 g cm–3, cut along 
the growth direction) as a starting material for its fast growth rate and 
high biomass production (up to 50 t ha–1 yr–1) (refs. 34,35). Although 
recently developed in situ delignification techniques at 100 °C (ref. 23)  
can remove lignin and hemicelluloses from natural wood, most earlier 
studies24–26 required multiple steps and sulfur-containing chemicals (for 
example, Na2SO3 and Na2S), resulting in long processing time (~5–10 h) 
(Fig. 2b). As an alternative, we used ~5.0 wt% NaOH aqueous solution 
for delignification (a sulfur-free soda process36) under higher tempera-
ture. The high-temperature condition helps to rapidly remove lignin 
and hemicelluloses through various chemical reactions (for example, 
β–O–4 bond cleavage of lignin, peeling and alkaline hydrolysis of hemi-
celluloses) within 1.0 h, which is more than ten times faster than current 
state-of-the-art methods24–26,29. In addition, this approach retains the 
desired natural structure of the hierarchically aligned cellulose fibres, 
allowing delignified wood to achieve a good mechanical strength. The 
water permeated in the porous wood structure during delignification 
is then replaced by ethanol with low surface tension, which prevents 
pore collapse on removal when dried under ambient conditions (see 
details in Supplementary Figs. 1–6). Furthermore, we then completely 
dried the delignified wood under ambient conditions to obtain the 
final insulwood product in just 7.0 h, which is much faster than freeze 
drying (Fig. 2b).

As shown in Fig. 2c,d and Supplementary Fig. 7, natural paulownia 
wood features a honeycomb-like cellular structure with thin cell walls 
that make up the vertically aligned tracheids (pore size of 20–50 µm) 
and large vessels (pore size of 100–200 µm) of the wood structure. 
The cell walls are composed primarily of cellulose microfibre bun-
dles bound within a matrix of lignin and hemicelluloses37. After the 
delignification treatment and drying, the morphology and structure 
of the resulting insulwood change remarkably compared with the 
starting material. Figure 2e,f and Supplementary Fig. 8 show that 
numerous small voids (<10 µm) are generated between neighbouring 
wood cell walls (in the middle lamella region) due to detachment by the 
removal of the lignin/hemicelluloses matrix, resulting in an increased 
structural porosity. We confirmed lignin removal by comparing the 
Fourier transform infrared (FTIR) spectra of the natural wood with the 
insulwood (Fig. 2g), where characteristic lignin peaks at 1,593, 1,504 
and 1,462 cm−1 (aromatic skeletal vibrations) disappeared after the 
chemical treatment. The loss of the peaks at 1,737 and 1,236 cm−1 show 
that hemicelluloses in natural wood was also removed by the delignifi-
cation treatment. In addition, we conducted a chemical analysis that 

attenuate sound energy by increasing the air–pore wall friction2 as well 
as decrease thermal transport by reducing the material’s cross-sectional 
solid area and increasing the tortuosity of heat transfer pathways3–6. 
Currently, due largely to their low price, the commercial market for 
thermal-insulation and sound-absorption materials is dominated 
(>90% of the market share7) by porous structures that are produced 
from petroleum-based polymers (for example, polyurethane foams 
and expanded/extruded polystyrene foams) and rock- and slag-based 
fibres (for example, mineral wools and glass wools)8–10. However, these 
synthetic porous materials rely on non-renewable sources and gener-
ate pollutants during manufacturing (for example, SOx and NOx)11. In 
addition, the fabrication of these traditional construction materials 
may involve high-temperature processes, which produce substantial 
carbon emissions10,12,13. The disposal or landfill of the synthetic materi-
als, especially polymer foams, at the end of use can cause environmental 
issues7,14. Replacing such carbon-intensive, non-renewable, synthetic 
porous materials with renewable biomass-based structures could lead 
to a 16% reduction of embodied carbon in buildings15, which would be 
a notable improvement from an environmental standpoint. However, 
factors such as scalability and cost must be overcome to make such 
biomass-based alternatives a reality.

Wood is a renewable structural material that has been used in 
construction for thousands of years due to its excellent mechanical 
strength, natural abundance and low cost16. Recently, wood has also 
emerged as an important sustainable building material due to its pro-
cessability, renewability and biodegradability16. However, due to its 
relatively low porosity compared with commercial porous structures 
and strong covalent bonds between the cellulosic polysaccharides 
(cellulose and hemicelluloses) and lignin of the wood cell walls, natural 
wood features a radial thermal conductivity of 0.1–0.4 W m–1 K–1, which 
prevents it from effectively reducing heat loss17,18. In addition, natural 
wood (without artificial pores19) is sound reflective and therefore a poor 
noise absorber20–22. The addition of pores (or voids) has shown to be an 
effective way to increase sound dissipation and decrease the thermal 
conductivity of solid materials since pores increase the tortuosity of 
heat and sound transfer paths2,4. Recent studies have begun to develop 
porous wood-based materials via ‘top-down’ processes, including vari-
ous chemical treatments16,23–28 and fungal decay29. For example, Wang 
and co-workers24 prepared a porous spongy wood from natural balsa 
by selectively removing lignin (NaClO2, 100 °C for 6 h) and hemicel-
luloses (NaOH, 80 °C for 8 h), followed by freeze drying at −56 °C for 
36 h. Similarly, Hu and co-workers25 transformed bulk natural balsa 
into a porous wood aerogel using a delignification process (NaOH/
Na2SO3 and H2O2) at 100 °C for more than 5 h, followed by freeze dry-
ing (~24 h). Although these top-down methods start with low-cost raw 
materials and require only one or two procedures, they suffer from 
several drawbacks, including long processing times (several days to 
several weeks) and expensive drying processes (for example, freeze 
drying)24–26,29. Drying at ambient pressure and temperature would be 
simpler, more cost effective and energy saving. However, directly dry-
ing water-filled cellulose-based materials generally causes structural 
collapse due to fiber hornification and hydrogen bonding, leading to 
a densified structure and not the desired porous morphology30,31. In 
addition, state-of-the-art porous wood-based materials24–26,29 suffer 
from weak mechanical robustness as the wood cell structures are 
severely destroyed during the delignification process. As a result, it has 
remained challenging to fabricate robust high-porosity cellulose-based 
materials in a scalable, fast and cost-effective way.

In this Article, we report a rapid and cost-effective top-down 
approach that applies a fast high-temperature delignification tech-
nique to natural wood, followed by low-cost ambient pressure drying, 
to produce a highly porous cellulose-based structure with the natural 
structure retained that we call ‘insulwood’ (Fig. 1a). Insulwood exhibits 
a high porosity of >0.93, a high noise-reduction coefficient of 0.37 at a 
frequency range of 250–3,000 Hz (for a 10-mm-thick wood sample), 
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further showed the lignin and hemicelluloses were almost completely 
removed after the delignification process (Supplementary Fig. 9). We 
also conducted two-dimensional wide-angle X-ray scattering (WAXS) 
to analyze the crystal polymorphism of insulwood (Supplementary 
Fig. 10); the WAXS indicates that the cellulose I maintains its structure 
and a portion of the cellulose Iβ increases during our high-temperature 
delignification process. As a result of delignification, the density of 
insulwood is ~40% that of the natural wood (Fig. 2h), increasing the 
porosity from ~80% to ~93%. Note that we evaluated the porosity of 
natural woods and insulwood on the basis of their weights and volumes, 
and the wood cell wall density is assumed to be 1.5 g cm–3 (refs. 38,39).

Sound-absorption performance of the insulwood
The sound-absorption performance of wood is determined mainly 
by its surface structure and the characteristics of the internal pores21. 
Although natural woods have abundant pores, their sound-absorption 
performance is poor due to the hard and dense surface and low 
number of continuous pores21,22. After delignification, numerous 
millimetre-scale cracks (1–5 mm long) were formed uniformly on the 
surface of insulwood (Supplementary Fig. 11) due to the detachment 
of the wood cell walls after the high-temperature chemical treatment 
(Fig. 2e,f). These cracks allow more incident sound waves to penetrate 
the material, functioning as sound-absorbing pores. In addition, the 
delignification treatment generates numerous interconnected small 

pores (<10 µm, in the middle lamella region) between the cell walls  
(Fig. 2e,f), which provide tortuous pathways for sound-wave dissipation 
via the air–cell wall friction. Removing the lignin and hemicelluloses 
also considerably decreases the mechanical strength of the wood cell 
walls, which allows sound waves to be converted into mechanical and 
thermal energy through resonances of the wood cell walls.

To explore whether these structural changes did impact the sound 
transport, we used a two-microphone transfer function method40 
to measure the sound-absorption coefficient of insulwood (Fig. 3a 
and Supplementary Fig. 12) at a frequency range of 250–3,000 Hz. 
For a 10-mm-thick piece of the insulwood, we found a relatively large 
sound-absorption coefficient of 0.2 in the frequency range of 250–
1,250 Hz, which sharply increased to ~0.75 as the frequency increased 
to 2,500 Hz (Fig. 3b). However, the sound-absorption coefficient of the 
10-mm-thick natural wood starting material was ~0.02 at a frequency 
range of 250–2,000 Hz, which increased to 0.07 as the frequency 
increased to 3,000 Hz. Our results show that the delignification process 
greatly improves the sound-absorption coefficient of natural wood. For 
example, at frequencies of 500 and 2,500 Hz, the sound-absorption 
coefficient of insulwood is approximately ten times larger than that 
of natural wood (Fig. 3c).

To reveal the fundamental physics, we investigated sound propaga-
tion inside both the natural wood starting material and insulwood using 
finite element simulations, in which the simulated microstructures were 
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Fig. 1 | The fabrication and thermal performance of insulwood and 
insulwood-based VIPs. a, Schematic of the changes of wood pore structures 
after rapid high-temperature delignification and in an insulwood-based VIP. 
Removal of lignin and hemicelluloses can remarkably increase the porosity of 
the wood, which is beneficial for thermal insulation and sound absorption, while 
still retaining the naturally aligned structure of the wood channels, maintaining 
a high mechanical performance. The insulwood is enveloped by an air- and 
water-vapour-tight barrier layer. The open and aligned pores allow the gas inside 

the insulwood to evacuate quickly, creating a vacuum that helps suppress heat 
conduction by the air. Note that the volumetric shrinkage of the insulwood 
sealed in the gas barrier envelope is ~25%. b, Comparison of the thermal 
insulation performances of natural wood (0.102 ± 0.008 W m–1 K–1), insulwood 
(0.0378 ± 0.003 W m–1 K–1) and VIPs (0.0120 ± 0.0009 W m–1 K–1) fabricated 
using insulwood. The thermal conductivity of insulwood is comparable to most 
commercial porous materials, such as expanded polystyrene and glass wool45. All 
data were analyzed from three independent measurements; error bars show s.d.
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obtained on the basis of the scanning electron microscope (SEM) images 
(Supplementary Figs. 13–17). Figure 3d–i compares the distributions of 
the acoustic pressure and velocity as well as total thermo-viscous power 
dissipation within both natural wood and insulwood at a frequency 
of 500 Hz. Due to the rigid surface and tightly packed wood cells, the 
incident sound waves are reflected (Fig. 3d) and induce only very low 
acoustic velocity (~10−11 m s–1; Fig. 3e) in the air within wood cells near 
the surface of the incident sound waves. By contrast, due to the surface 
cracks and micropores generated by delignification, the incident sound 
wave can penetrate the insulwood (Fig. 3g), causing much higher acous-
tic velocity (~10−3 m s–1; Fig. 3h) in the air within insulwood. Comparison 

between Fig. 3f and Fig. 3i confirms that friction between the sound 
waves and the walls of the detached wood cells dissipates incidence 
wave energy into heat. In addition, we compared the sound-absorption 
coefficient of the insulwood with that of other porous materials such 
as mineral wools and polypropylene/polystyrene foams41–44 at 250 Hz, 
500 Hz, 1,000 Hz, 1,500 Hz and 2,500 Hz (Fig. 3k). We also calculated 
the noise-reduction coefficient (Supplementary Fig. 17), which was 
the average of the sound-absorption coefficients at 250 Hz, 500 Hz, 
1,000 Hz, 1,500 Hz and 2,500 Hz. Overall, the insulwood exhibits bet-
ter sound absorption than various porous structures41–44 with similar 
thickness in a wide frequency range.

100 101 102 103

Time (h)

Delignification, step 1

Delignification, step 2

Drying

~30–40 h

~ 1,000 h

<10 h

750 1,000 1,250 1,500 1,750 2,000

Natural wood
Insulwood

Tr
an

sm
itt

an
ce

Wavenumber (cm–1) 

Type of material

1,737

1,593

1,504

1,462

1,236

0

0.05

0.10

0.15

0.20

0.25

0.30
D

en
si

ty
 (g

 c
m

–3
)

Natural wood

Insulwood

Insulwood

Additional voids

200 µm

200 µm

10 µm

10 µm

Tracheids

Detached

Bonded

Vessel

a b

c d

e f

g

h

0.27

0.11

Ty
pe

 o
f m

at
er

ia
l

Wood
aerogel

Wood
sponge

Decayed
wood

Insulwood

Fig. 2 | Morphology and structure of the natural wood starting material 
and insulwood. a, A digital image of a large-scale sheet of insulwood 
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(10.8 cm × 45 cm × 1.25 cm). b, Comparison of the manufacturing rates of porous 
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SEM image of the insulwood. f, Enlargement of e, demonstrating the separation 
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Fig. 3 | Sound absorption of the insulwood. a, SEM image of the insulwood with 
the pores aligned along the wood growth direction. b, The sound-absorption 
coefficient of the natural wood and insulwood as a function of frequency. c, The 
sound-absorption coefficient of the insulwood compared with that of the natural 
wood at frequencies of 500 Hz (natural wood: 0.05 ± 0.0001 Hz; insulwood: 
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0.79 ± 0.016 Hz). All data were analyzed from three independent measurements; 
error bars show s.d. d–f, Simulated distributions of the acoustic pressure (d), 
acoustic velocity (e) and total thermo-viscous power dissipation density (f) 

inside the natural wood at a frequency of 500 Hz. g–i, Simulated distributions of 
the acoustic pressure (g), acoustic velocity (h) and total thermo-viscous power 
dissipation density (i) inside the insulwood at a frequency of 500 Hz.  
j, Comparison of the sound-absorption coefficients of the insulwood with various 
sound-absorption materials41–44 at frequencies of 250 Hz, 500 Hz, 1,000 Hz, 
1,500 Hz and 2,500 Hz. In the simulation, we assume the magnitude  
of the incident wave is 1 Pa, the acoustic velocity indicates particle vibration 
velocity in the air and the total thermo-viscous power dissipation includes the 
power loss through both thermal dissipation and viscous dissipation.
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Thermal and mechanical performance of the insulwood
Heat transfer in wood is determined mainly by heat conduction through 
the solid wood cell walls and the air molecules inside the pores4. As a 
result of the tightly packed wood cells and high fraction of solid content 
(~20%), natural wood demonstrates a relatively high thermal conductiv-
ity (0.1–0.4 W m–1 K–1 (refs. 18,20)) in the radial direction (perpendicular 
to the wood growth direction) compared with that of conventional 
porous materials (~0.035 W m–1 K–1 (ref. 45)) such as mineral wool, glass 
wool and expanded polystyrene (EPS) foam. Figure 4a depicts the heat 
flow in natural wood under a temperature difference of 2.0 K, where the 
thermal conductivity of the solid constructed by the wood cells and 

air is assumed to be 0.34 W m–1 K–1 (ref. 46) and 0.026 W m–1 K–1 (ref. 5), 
respectively (Supplementary Figs. 18–20). The simulation clearly shows 
that heat flux through the solid (wood cell walls) is much higher than 
that through the air inside the pores (the interior of the wood cells), 
confirming that the solid conduction is responsible for the high ther-
mal conductivity of the natural wood (Fig. 4a). Removal of the lignin 
and hemicelluloses in the wood cell walls lowers the solid content of 
the insulwood and reduces the solid thermal conductivity of the wood 
cell wall. As shown in Fig. 4b, heat flux through the insulwood under a 
temperature difference of 2.0 K is much lower than that through the 
natural wood due to the increased porosity. Meanwhile, the heat flux 
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wood-waste foam48, glass wool49, stone wool49 and EPS foam. g, SEM image  
of the aligned pores in the insulwood. h, Comparison of the outgassing rate of the 
insulwood with that of EPS. i, Image of a VIP made using insulwood as the  
core material.
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of the insulwood is more evenly distributed than in the natural wood 
(Fig. 4a,b) and close to a one-dimensional heat transfer (Supplemen-
tary Fig. 19) because of the formation of pores between the wood cells 
after delignification.

We directly visualized the effectiveness of the insulwood as a ther-
mal barrier by placing the material on a hot plate (~100 °C) and mapping 
its temperature distribution using an infrared thermal imaging camera. 
As shown in Fig. 4c, the temperature distribution of the insulwood 
(radial direction) is very similar to that of an EPS foam (~0.016 g cm–3, 
98.4% porosity) on the hot plate, which features a thermal conductivity 
of ~0.038 W m–1 K–1. This result indicates that the thermal insulation 
performance of the insulwood in the radial direction is comparable 
to that of EPS foam. We measured the thermal conductivity of the 
insulwood using a reduced-scale hot-box method (Supplementary 
Fig. 21) developed by Zhao and co-workers47. As shown in Fig. 4d, the 
insulwood has a low thermal conductivity of ~0.038 W m–1 K–1, which is 
around one-third that of the natural wood (~0.1 W m–1 K–1). Interestingly, 
T the insulwood demonstrates almost the same thermal insulation 
performance as the EPS in terms of the temperature difference, heat 
flux and thermal conductivity measured by the reduced-scale hot-box 
method (Fig. 4d and Supplementary Figs. 21–23), which confirms that 
the thermal insulation performance of the insulwood in the radial 
direction is comparable to EPS (Fig. 4c).

While thermally insulative materials can decrease the transfer 
of heat, they also tend to demonstrate weak structural stability due 
to the high-volume fraction of pores. An important advance of our 
insulwood compared with conventional thermal insulators, such as 
EPS, mineral wool and glass wool, is its improved mechanical strength 
against compression. Figure 4e shows the compressive strain–stress 
curves of the insulwood in the radial direction. When the strain is 60% 
in the radial direction, the compressive strain reaches up to 1.5 MPa, 
which is much higher than that of conventional porous structures 
such as wood-waste-based foam48, glass/stone49 wool and EPS foam  
(Fig. 4e,f). In addition, due to the open pore structure of insulating 
materials and the chemical bonds of cellulose chains, the thermal 
and mechanical performance of insulwood is sensitive to moisture 
(Supplementary Figs. 24–26) and prone to fire. We note that these 
negative properties of insulwood, such as moisture resistance and fire 
retardancy, can be largely improved by chemical treatments such as 
spray coating (Supplementary Figs. 27 and 28).

As a result of the micrometre-scale pores, conventional thermal 
insulation materials such as EPS foams, glass wools and mineral wools 
and the developed insulwood exhibit a thermal conductivity higher 
than that of stagnant air (0.026 W m–1 K–1, 1.0 atm, 300 K)5,45.To achieve 
the required thermal insulation performance for buildings (for exam-
ple, walls and roofs), conventional thermal insulation materials must 
have a thickness of up 50 cm (refs. 45,50), which results in reduced 
space and complex geometric structures. Further reduction in the ther-
mal conductivity of porous materials can be achieved by vacuuming the 
porous structures to suppress gaseous thermal conduction4,5. VIPs are 
typically made of a porous core material that is evacuated then sealed 
by a gas-tight barrier film (for example, multilayer polymer and metal 
films) to achieve an ultralow thermal conductivity50. However, current 
VIPs, and particularly many of their core materials such as fumed silica 
nanoparticles and plastic foam cores (for example, polyurethane and 
EPS foams)50, cannot meet the rising standards of sustainability and 
environmental safety for building applications.

As a potential substitute for conventional VIP cores, 
cellulose-based insulation materials have several advantages, includ-
ing low cost and low environmental impact over their life cycle. In addi-
tion, the aligned channels of insulwood could enable faster evacuation 
during VIP manufacturing, which would dramatically reduce the gas 
evacuation time and energy consumption, leading to additional cost 
reduction (Fig. 4g and Supplementary Figs. 29 and 30). Indeed, we 
found that the outgassing rate of the insulwood was two times faster 

than that of conventional EPS, as shown in Fig. 4h. These unique fea-
tures suggest the commercial potential of insulwood-based VIPs, par-
ticularly as a more-sustainable alternative to conventional materials. 
As a proof of the concept, we fabricated an initial insulwood VIP design 
(Fig. 4i), in which the insulwood demonstrated in Fig. 2a was used as 
the core. The measured thermal conductivity of the fabricated VIPs at 
a pressure of ~50 Pa was found to be ~0.012 W m–1 K–1, which is one-third 
that of the porous wood structure and half that of stagnant air (Fig. 1c). 
Since the gas barrier film is sound reflective and blocks the penetration 
of sound waves, we note that the sound-absorption coefficient of the 
insulwood-based VIPs is notably lower than that of insulwood.

In summary, we report a rapid, low-cost and scalable method 
of fabricating cellulose-based porous insulwood based on an in situ 
delignification, solvent exchange and ambient drying process. Lignin 
and hemicelluloses, which account for up to 60% of the wood mass, 
are removed from a natural wood via chemical treatment in just 
1.0 h, which allows us to create numerous pores (voids) between the 
wood cell walls without destroying the hierarchically aligned cel-
lulose fibres. As a proof of concept for large-scale production, we 
demonstrated the fabrication of a piece of insulwood with a size of 
60 cm × 45 cm × 1.25 cm using already well-established infrastructure 
and equipment from the pulp and paper industry. As a result of its high 
porosity (~93%), the insulwood demonstrates a high noise reduction 
of 0.37 for frequencies at 250–3,000 Hz for a 10-mm-thick sample. 
The high porosity also endows the insulwood with a low thermal con-
ductivity of 0.038 W m–1 K–1, which is close to that of the widely used 
thermally insulating EPS foam. Furthermore, the porous wood struc-
ture is highly attractive for fabricating VIPs with an ultralow thermal 
conductivity (~0.01 W m–1 K–1) due to the material’s fast outgassing 
rate, sustainability and environmental safety. Compared with existing 
time-consuming and energy-intensive methods, our fast delignifica-
tion process and ambient drying method have a higher production 
efficiency, lower cost and scalability. This newly developed affordable 
and sustainable cellulose-based insulwood with low thermal conduc-
tivity, high sound-absorption coefficient, high mechanical strength 
and reduced CO2 emissions can replace conventional porous materials 
used in buildings, transportation and industry.

Methods
Materials and chemicals
Commercially available kiln-dried paulownia wood logs (10–15% mois-
ture content, 10.0–12.5 mm thickness) were used for the fabrication of 
insulwood. Note that the moisture content of the starting wood blocks 
has no influence on the final properties of the insulwood. Sodium 
hydroxide (>97.0%, Sigma-Aldrich) and deionized water were used 
for processing the wood. Ethanol (>99.8%, Sigma-Aldrich) was used 
for solvent exchange.

Fabrication of the insulwood
A paulownia wood log was cut parallel to the growth (fibre alignment) 
direction to form a wood block. The wood block was then boiled in a 
solution of sodium hydroxide (NaOH) with a mass fraction of 5.0 wt%. 
The delignified wood was then washed with water to completely remove 
the chemical waste, bringing the pH to 7. The solvent exchange was 
performed by immersing the wood block in ethanol three times, each 
lasting for 1 h. The obtained wood blocks were then dried in an ambient 
environment for 7 h to achieve the final insulwood product.

Fabrication of the VIP
The insulwood blocks were first dried at 105 °C for 24 h in air to com-
pletely remove the moisture absorbed by the cellulose fibres. The dried 
insulwood blocks were then placed in a gas/moisture barrier envelope. 
After that, the VIP was obtained by pumping out the air inside the enve-
lope with a vacuum pump (Pfeiffer HiCube 30), followed by a sealing 
process using an impulse heat sealer at a pressure of less than 50 Pa.
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Measurements and characterizations
A SEM (Tescan XEIA) was used to characterize the morphology and 
structure of natural and delignified woods. A WAXS Xeuss 2.0 system 
with a Cu Kα (wavelength is 1.542 Å) microfocus source and Dectris 
Pilatus 300k detector was conducted to characterize crystal polymor-
phism of natural paulownia wood and insulwood. A Thermo Nicolet 
NEXUS 670 FTIR was used to measure the FTIR spectrum. Compres-
sion and bending tests were performed by using an Instron 3367 Uni-
versal Test System with a load capacity of 30 kN at a crosshead speed 
of 5 mm min–1. An infrared camera FLIR E8 was used to measure the 
temperature distribution.

Wood composition analysis
We measured the cellulose, hemicelluloses and lignin compositions of 
natural woods and insulwood following the standard biomass analytical 
methods provided by the National Renewable Energy Laboratory51. To 
ensure that the measurements are reliable and representative of the entire 
wood panel, we first milled the wood panel (natural wood or insulwood) 
into wood powder with a diameter of <0.5 mm and mixed it evenly. Each 
measurement was performed three times independent of one another.

Thermal conductivity and sound-absorption measurement
We employed a reduced-scale hot box for thermal conductivity meas-
urements47. Surface thermocouples (Omega, accuracy ±0.5 °C) and 
heat flux sensor (greenTEG gSKIN-XO, ±3%) were attached to the speci-
men (dimensions of 17.8 cm × 7.8 cm × 1.0 cm, ambient moisture around 
50%) for surface temperature and heat-flux measurement. Steady-state 
conditions were ensured by controlling the power of the heat source. 
The thermal conductivity of the specimen can be obtained according to 
Fourier’s law. We validated the measured thermal conductivities from 
the reduced-scale hot-box method by using commercial Thermtest 
HFM-100 and found the difference to be within 10%. The absorption 
test was conducted using an ACUPRO impedance tube (by TFAcoustics, 
LLC), which implements ISO10534-2 and ASTM E1050 for the measure-
ment of sound-absorption coefficient as a function of frequency40,52. 
The measured samples were prepared as cylinders with a radius of 
35 mm and a thickness of 10 mm. A speaker located at one end of the 
impedance tube broadcast a broadband white noise. The incident wave 
and echo reflected from the sample on the other end of the tube were 
measured using two microphones. On the basis of these measurements, 
the sound-absorption coefficient of each sample was accurately calcu-
lated in the frequency range of 250 to 3,000 Hz with steps of 6.25 Hz. 
The measurements were calibrated by using materials of known dis-
sipation, and each measurement was repeated 3 times to increase the 
accuracy. All the measurements were performed at a similar humidity 
(~50%), air pressure (~1.0 atm) and temperature (~20 °C).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available within this 
article and its Supplementary Information. Source data are provided 
with this paper.
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information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Herein, we report the extraordinary noise reduction and thermal insulation capabilities of a scalable, high-porosity wood structure 
(called "insulwood") that is fabricated by removing lignin and hemicellulose from natural wood through a rapid high-temperature 
process, followed by low-cost ambient drying. 

Research sample Natural paulownia wood (density of 0.25-0.30 g/cm3) was selected as a starting material due to its fast growth rate and high biomass 
production (up to 50 ton/ha per year).

Sampling strategy A paulownia wood log was cut along parallel to the growth (i.e., fiber alignment) direction to form a wood block. The wood block was 
then boiled in a solution of sodium hydroxide (NaOH) with a mass fraction of 5.0 wt.%, followed by solvent exchange to completely 
replace the water inside the wood cells with ethanol. The obtained wood blocks were then dried in an ambient environment for 7 
hours to achieve the final insulwood product.

Data collection Three samples of each material were tested to obtain the averaged values. Xinpeng Zhao carried out experiments and recorded the 
data. Liuxian Zhao carried out the sound absorption simulation and recorded the data.  Xinpeng Zhao carried out the thermal 
transport simulation and recorded the data.

Timing and spatial scale The data collection begins from April 2021 to December 2021.There is no obvious difference in the porosity, thermal and sound 
absorption between insulwoods made from natural paulownia wood from various locations.

Data exclusions No data were excluded from analyses.

Reproducibility All attempts to repeat the experiment were successful.

Randomization All the samples were randomly tested.

Blinding There is no blinding data collection in our work as we didn't take the ecological or medicine experiment.

Did the study involve field work? Yes No
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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