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Anisotropic cellulose nanofibril
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Moisture-induced swelling offsets
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Thinner fibrils enhance phonon

scattering and reduce the thermal

conductivity
We show that anisotropic foams based on aligned cellulose nanofibrils are super-

insulating also at high relative humidity (RH). Thermal conductivity measurements

and non-equilibrium molecular dynamic simulations show that the moisture-

induced swelling and increase of the inter-fibrillar distance results in a reduction of

the thermal boundary conductance that exceeds the thermal conductivity increase

due to water uptake up to 75% RH. Phonon engineering bymoisture could be used

to tailor the heat transfer properties of hygroscopic nanofibrillar materials.
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Humidity-Dependent Thermal Boundary
Conductance Controls Heat Transport
of Super-Insulating Nanofibrillar Foams
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Progress and Potential

Efficient thermal insulation using

biobased materials could reduce

the energy consumption and

minimize the carbon footprint of

buildings. Biobased materials are

sensitive to moisture, and there is

a need to better understand how

moisture controls the thermal

conductivity. Here, we show that

anisotropic cellulose nanofibril

foams can be super-insulating

also at high humidity. The relative

humidity dependence of the

thermal conductivity of super-

insulating nanocellulose foams is

controlled by moisture-induced

phonon scattering and the

replacement of air with water. The

moisture-induced swelling and

increase of the inter-fibrillar

separation distance results in a

reduction of the thermal boundary

conductance that exceeds the

thermal conductivity increase due

to water uptake up to high relative

humidity. Humidity-dependent

phonon engineering could be

used to tailor the heat transfer

properties of biobased

nanofibrillar materials for

packaging and thermal

management in buildings.
SUMMARY

Cellulose nanomaterial (CNM)-based foams and aerogels with ther-
mal conductivities substantially below the value for air attract signif-
icant interest as super-insulating materials in energy-efficient green
buildings. However, the moisture dependence of the thermal con-
ductivity of hygroscopic CNM-based materials is poorly under-
stood, and the importance of phonon scattering in nanofibrillar
foams remains unexplored. Here, we show that the thermal conduc-
tivity perpendicular to the aligned nanofibrils in super-insulating ice-
templated nanocellulose foams is lower for thinner fibrils and
depends strongly on relative humidity (RH), with the lowest thermal
conductivity (14 mW m�1 K�1) attained at 35% RH. Molecular simu-
lations show that the thermal boundary conductance is reduced by
the moisture-uptake-controlled increase of the fibril-fibril separa-
tion distance and increased by the replacement of air with water
in the foam walls. Controlling the heat transport of hygroscopic su-
per-insulating nanofibrillar foams by moisture uptake and release is
of potential interest in packaging and building applications.

INTRODUCTION

Insulation materials frequently used in buildings and in packaging, such as gas-filled

polyurethane foams or expanded polystyrene (EPS), are derived from fossil sources

and use hazardous precursors.1 Biobased insulation materials with thermal conduc-

tivities below those of polyurethane or EPS (20–40 mW m�1 K�1) could both reduce

the carbon footprint of thermal insulation materials and the energy needed for heat-

ing or cooling. Cellulose nanomaterials (CNMs) are renewable materials character-

ized by a low density, high strength and stiffness,2 tunable surface chemistry, and

relatively low thermal conductivity,3,4 and are thus excellent candidates for non-fos-

sil-derived insulation materials. CNMs in the form of cellulose nanofibrils (CNFs)

consist of cellulose molecules packed together into long, partially crystalline fibrils

with diameters ranging between 3 and 40 nm and aspect ratios larger than 100.5,6

Cellulose occurs abundantly in wood, primarily as crystalline cellulose Ib, which

has a two-chain monoclinic unit cell.7,8 The thermal conductivity of cellulose Ib is

several times higher along the covalently bonded chain direction (c-axis), compared

with the transverse direction where weaker interactions connect the adjacent

chains.9,10 The alignment of cellulose in wood11 results in materials with anisotropic

heat transport properties, similar to other aligned 1D and 2D nanomaterials such as

bulk carbon allotropes,12 carbon nanotubes,13 single-layer black phosphorene,14

drawn oriented polyethylene,15 and graphene.12,16,17 Anisotropic heat transport

properties are of interest in applications where directional heat management is
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required; e.g., cooling of electronic circuits and potentially also in packaging and

buildings.

Traditionally, cellulose has been used as an insulation material1 in the form of

sawdust, cotton, and recycled newspaper, but the thermal conductivities of 40–60

mW m�1 K�1 are insufficient for many applications. Lightweight nanocellulose-

basedmaterials such as isotropic CNM aerogels,18–20 spray-freeze-dried aerogels,21

Pickering CNF aerogels,22 silylated CNF-silica scaffolds,23 and CNF-nanozeolites

composite aerogels24 can display thermal conductivities significantly lower than

those of traditional EPS insulation and even below that of air (=25.7 mW m�1 K�1)

at ambient conditions. Cellulose and CNM-based materials are hygroscopic,11,25

and the thermal conductivity of isotropic foams at room temperature (RT) increases

with increasing relative humidity (RH) as adsorbed water replaces air.1,26 The elastic-

ity and strength of CNF films are also strongly reduced at high RH.27 Molecular dy-

namics simulations suggest that inter-fibrillar hydrogen bonds may weaken or break

with increasing RH due to competition with the adsorbed water molecules.27–29

Recently, it was demonstrated that low-densityCNF-based foamswith alignednanofibrils

and columnar macropores display strongly anisotropic30,31 and RH-dependent32 heat

transport properties, with a minimum radial thermal conductivity of the CNF foams,

perpendicular to the fibril andmacropore direction, of 18mWm�1 K�1. Such low thermal

conductivities have only been attained in nanoporous materials, such as silica aero-

gels,33,34whereporesizesbelowthemean freepath lengthof air can result in thermal con-

ductivities substantially below the value for air. Phonon scattering at the interfaces be-

tween nanosized materials can also reduce the thermal conductivity, and it was recently

shown that tuning the separation distance in, for example, few-layer graphene17 or

multi-layer graphene,35 and the water density at weakly bonded interfaces of self-assem-

bledmonolayers36,37 canhavea strong influenceon the thermalboundaryconductanceof

nanomaterials. Hence, it would be important to determine the contribution and impor-

tanceofphononscattering tothemoisture-dependent thermalconductivityof anisotropic

foams. However, the understanding of how RH andmoisture uptake controls the thermal

conductivity of hygroscopic anisotropic nanofibrillar-based foams is poor and the thermal

boundary conductance of CNM-based materials has not been investigated previously.

Here, we have combined thermal conductivity measurements and molecular simula-

tions to quantify the effect of RH on the anisotropic heat transfer and thermal bound-

ary conductance of ice-templated CNF foams with highly aligned nanofibrils of

different diameters in the foam walls. The RH dependence of the thermal conductiv-

ity of hygroscopic nanocellulose foams was shown to be controlled by moisture-

induced phonon scattering and the replacement of air with water. The moisture-

induced swelling and increase of the inter-fibrillar separation distance can result in

a 6-fold reduction of the thermal boundary conductance that exceeds the thermal

conductivity increase due to water uptake up to high RH. Foams made from thinner

fibrils display lower thermal conductivities due to enhanced phonon scattering. Un-

derstanding how heat transport of biobased nanofibrillar foams can be tuned by

moisture uptake and release could enable novel ways to engineer hygroscopic su-

per-insulating nanomaterials in packaging and building applications.
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RESULTS

CNFs and Ice-Templated Foams

Low-density foams were produced by ice templating aqueous suspensions of CNFs.

We used three different CNFs that differed primarily in the degree of carboxylation
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Figure 1. Preparation and Structure of Ice-Templated Anisotropic CNF Foams

(A) Schematic illustration of the CNF morphology, diameter, and surface chemistry.

(B) Schematic illustration of: (i) the ice-templating process; (ii) the anisotropic foam structure.

(C) XRD investigation of CNF2.3 foams showing: (i) 2D diffraction pattern; (ii) azimuthal intensity

profiles.

(D) SEM image of the radial cross section of the ice-templated CNF2.3 foams.

(E) HRSEM image of a CNF2.3 foam wall.
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at the C6 positions in the anhydroglucose units and the diameter (d) and length (L) of

the fibrils (Figure 1A). X-ray diffraction (XRD) and atomic force microcopy (AFM) im-

age analysis (Figure S1), together with conductometric titration and sedimentation

measurements38 of non-oxidized CNFs with an average diameter of 19 nm

(CNF19), medium-charge 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-

oxidized CNFs with an average diameter of 4.4 nm (CNF4.4), and high-charge

TEMPO-oxidized CNFs with an average diameter of 2.3 nm (CNF2.3) showed that

more intensive oxidation led to smaller fibril diameter, higher aspect ratio (L/d;

Equation S1 and S2), and lower crystallinity index (Equation S3) (Table 1).

Directional growth of the ice crystals during freeze-casting resulted in strongly aniso-

tropic foams with the CNF particles aligned in the growth direction of the ice crystals

(Figure 1B). The nanofibril alignment was confirmed by 2D XRD patterns and

azimuthal integration (Figure 1C, Equations S4 and S5), and is consistent with previ-

ous studies on CNM-based freeze-cast foams.39,40 The SEM images of the cross

section along the radial direction (Figure 1D) of the CNF foams showed a porous

honeycomb-like architecture with a narrower pore size distribution in the CNF2.3
foams (Figure 1E) than in the CNF19 (Figure S2A) or CNF4.4 (Figure S2B) foams.

The macroporous structure of freeze-cast materials is determined predominantly

by the confined growth of the ice crystals, and the nanoporous structure within

the pore walls is strongly influenced by the ability of the particles to be transported

and assembled as the freezing front moves through the dispersion.40

The nanoporosity,Pnp, of the foams corresponds to pores with sizes between 2 and

100 nm. CNFs with low charge density (CD) display electrostatic repulsions that may

be of insufficient magnitude to prohibit the CNF particles from aggregating during

ice templating and therefore result in foams with disordered structures.41 CNFs with

high CD (i.e., 1.6 mmol COO–g�1) display strong interparticle repulsion41 and pro-

duce ordered ice-templated structures (Figure 1D). High-resolution scanning elec-

tron microscopy (HRSEM) showed that the foam walls of the highly charged

CNF2.3 foam were compact and thin, with a thickness of about 200 nm (Figure 1E).
278 Matter 4, 276–289, January 6, 2021



Table 1. Physical Properties of CNF19, CNF4.4, and CNF2.3 at 295 K

CDa (mmol COO–g�1) Crystallinity indexb(%) Diameterc d (nm) Aspect ratiod

L/d

CNF19 0.02 G 0.004 54 19 G 7.9 110 G 26

CNF4.4 0.30 G 0.020 52 4.4 G 1.8 140 G 4

CNF2.3 1.60 G 0.010 45 2.3 G 0.7 200 G 16

aCD was measured by conductometric titration.
bCrystallinity was measured by XRD.
cd was measured by AFM image analysis.
dAspect ratio was measured by sedimentation.
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The difference in the Brunauer-Emmett-Teller (BET) surface area between the CNF2.3
foam (15 m2/g) and the CNF19 foam (8.7 m2/g; Figure S3) is much smaller than the

>60-fold difference predicted based upon the fibril diameters, which suggests

that the fibrils in the walls are tightly packed. Nitrogen sorption experiments (Fig-

ure S3) performed at dry conditions show that the foam walls contain a low fraction

(3.5%–5%) (Equation S6 and S7, Table S1) of pores up to 12 nm (Figure S3C) in

diameter.
Thermal Conductivity

The radial (lr) and axial (la) thermal conductivities of the CNF19, CNF4.4, and CNF2.3 ice-

templated foams (Figure 2A) with a dry density between 5.9 and 6.4 kg m�3 were

measured using the anisotropic mode of the Hot Disk at controlled temperature and

RH (Figures S4A and S4B). The hot disk records the time-dependent temperature in-

crease in response to a transient power pulse and determines the radial thermal diffu-

sivity (ar, Figure S4C). The radial thermal conductivity, lr is calculated by Equation 142:

lr = arrCP (Equation 1)

where CP is the specific heat capacity of the foam, and r is the density of the foam.

The ‘‘dry’’ CP (RH = 0) is determined from differential scanning calorimetry (DSC)

measurements (Figure S5), and the RH-dependent CP at RH > 0 is estimated by

the rule of mixtures (Equation S12) taking into account the water uptake (Figure 3A)

of the foam and the CP of water. The CP at dry (RH = 0) conditions decreased with

increasing CD (and decreasing diameter) of the CNFs, from 1,180 to 753 J kg�1

K�1 for CNF19 and CNF2.3, respectively (Figure S5). The axial thermal conductivity

is measured in the direction of the ice crystal growth and thus the direction of the

columnar macropores, while the radial thermal conductivity is measured perpendic-

ularly to the macropores and the aligned CNFs.

The thermal conductivities of the ice-templated CNF foams were anisotropic and

depended strongly on the RH. The lr (Figure 2B) of the CNF foams were 3–10 times

lower than la (Figures S4D and S4E) depending on the RH and the diameter of the

CNFs. The anisotropy of the thermal conductivity of the ice-templated foams is

related to the alignment of the nanofibrils in the freezing direction (Figures 1C

and S6) and the intrinsic anisotropy of the thermal conductivity of cellulose. The lr

of the ice-templated foams decreased with an increase of RH up to 35%–50% RH

and increased as the RH increased from 65% to 80% RH (Figure 2B). Freeze-cast

foams prepared from CNFs with the smallest diameter (CNF2.3) displayed a lower

lr compared with foams prepared from CNFs with larger diameter and lower CD

(Figure 2B), and the lowest thermal conductivity (14 mW m�1 K�1) was attained at

35% RH for the CNF2.3 foam. This value of the radial thermal conductivity is signifi-

cantly below the value for air (l = 25.7 mWm�1 K�1), which is surprising considering

that the majority of the pores of ice-templated foams are much larger than the mean
Matter 4, 276–289, January 6, 2021 279



Figure 2. Thermal Conductivity of Anisotropic CNF Foams

(A) Schematic illustration of the structure of two foam walls and representation of the radial thermal

conductivity (lr).

(B) Radial thermal conductivity (lr) of ice-templated CNF2.3, CNF4.4, and CNF19 foams as a function

of RH at 295 K.

(C) Reversible radial thermal conductivity (lr) of ice-templated CNF4.4 foams as a function of RH at

295 K, for 7% to 50% RH (dashed line) and for 50% to 7% RH (dotted line).
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free path of air (about 70 nm in open space).19,43,44 The convection contribution

should be negligible because the macropores are sufficiently small to minimize

gas transport over large distances and the radiation contribution is also small at

RT (295 K).44,45 The presence of nanopores in the foam walls is expected to reduce

the gas conduction contribution, but it is clear that additional effects, such as a sub-

stantial decrease of the thermal boundary conductance by phonon scattering, need

to be invoked to explain the very low thermal conductivities.

The lr of the anisotropic freeze-cast CNF foams remained below the thermal conductiv-

ity of air between 10% and 70% RH (Figure 2B) and was always several times lower than

la (Figures S4D and S4E). In contrast, la increased with increasing RH over the entire

measured range (7%–80% RH) for all of the CNF foams (Figures S4D and S4E), similar

to isotropic CNF- and polyoxamer-based foams.26 Figure 2C shows that the effect of

RH on lr was reversible between 7% and 50% RH, which suggests that the moisture up-

take is reversible29 and that the structure of the foam walls is not irreversibly affected by

the moisture uptake within the investigated RH range. Thermal conductivity measure-

ments (Table S2) on CNF4.4 foams with a high density (9.2 kg m�3 at 0% RH) showed

that the radial thermal conductivity is slightly higher but remains below the super-insu-

lating level andmaintains a similar parabolic RH behavior as for the CNF4.4 foams shown

in Figure 2B (with a density of 6.4 kg m�3 at 0% RH).
Moisture Uptake and Swelling

The moisture uptake of the ice-templated CNF foams increased with increasing RH

(Figures 3A and S7A). The foams with the thinnest fibrils (i.e., the CNF2.3 foam) took

up more moisture than the foams with thicker fibrils (i.e., the CNF19 and CNF4.4
foams), which suggests that water uptake is primarily controlled by adsorption

onto the CNF surfaces.
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Figure 3. Experimental and Hybrid GCMC/MD Simulations of Moisture Uptake and Foam-Wall-Sorption-Induced Swelling

(A) Experimental moisture content (H2Ow) by mass of ice-templated foams prepared from CNF2.3, CNF4.4, and CNF19 compared with the moisture

content obtained from hybrid GCMC/MD simulations for the CNF2.3 (CNF2.3-S) as a function of RH% at 295 K.

(B) The estimated swelling (continuous line-B) and average inter-fibril gap (dashed line-D) of a CNF2.3 foam as a function of RH%, and the inter-fibril gap

calculated by hybrid GCMC/MD (:) as a function of RH%.

(C–E) (C) Initial arrangement of four individually equilibrated fibrils before drying. Snapshots of cellulose bundle of (D) aligned CNF2.3 fibril after the

drying when they come close to each other, and (E) the same fibrils subjected to RH that have swelled as water molecules have entered their interstitial

sites. Cellulose chains are colored in orange, COO� groups in green, counterions in pink, and water in blue.

ll
OPEN ACCESSArticle
With increasing RH, the water uptake induced swelling and an increase in the nano-

porosity of the CNF foam walls (Table S1). The nanoporosity of the dry foam walls

(RH = 0), estimated from nitrogen sorption data (Figure S3B), did not differ much be-

tween the different ice-templated foams (Table S1) at RH = 0. However, the esti-

mated nanoporosity of the CNF2.3 foam increased significantly with increasing RH

and it was higher compared with the nanoporosities of the wet CNF4.4 and CNF19
foams (Table S1).

The fibril-fibril separation distance was estimated from the diameter of the fibrils and

the porosity of the foam walls, which depends on the RH and the associated water

uptake and swelling. We estimated the fibril-fibril separation distance, gi, using a

simple geometric approach (Equation 2),

gi =
Pnp�

1�Pnp

�dCNF (Equation 2)

wherePnp is the RH-dependent nanoporosity (Equation S6, Table S1) and dCNF is the

CNF diameter (Table 1). The fibril-fibril separation distance increased significantly

when RH increased from 0 to 20%; from 1.2 to 4.7 Å for CNF2.3, from 1.9 to 7.4 Å

for CNF4.4 and from 6.8 to 37 Å for CNF19 (Figures 3B, S7B, and S7C). Between

20% and 80% RH, the increase in fibril-fibril separation distance was lower, reaching

estimated values of 7.4 Å for CNF2.3, 10.8 Å for CNF4.4 and 46 Å for CNF19 at 80% RH

(Figures 3B, S7B, and S7C).
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The increase of the foam wall thickness, the one-dimensional swelling (Sw), can be

estimated using Equation 3, assuming that Sw (in percent) is directly related to the

change in fibril-fibril separation distance:

%Sw =
�
1�Pnp0

�
3

�
g

dCNF
+ 1

�
� 1 (Equation 3)

where, Pnp0 is the nanoporosity at RH = 0% (Equation S6 and S7). The foam wall

swelling at 80% RH was around 20% for the CNF4.4 and CNF19 foams and about

26% for the CNF2.3 foams, which corresponds to an estimated increase of the thick-

ness of the foam wall from 200 to 250 nm.

Moisture-induced swelling of the fibril bundles was investigated using Grand Canon-

ical Monte Carlo Simulation (GCMC) and Molecular Dynamics (MD) simulations. A

bundle of aligned cellulose fibrils, each of which contained cellulose chains arranged

in a Ib crystal lattice with an approximate square cross section, were considered and

the RH was varied through changes of the chemical potential (m, Equations S13 and

S14) of the system.

Figure 3C shows four individually equilibrated fibrils with carboxylate surface groups

and Na+ counterions. Upon drying, the fibers come closer to each other, as illus-

trated in Figure 3D. Increasing the chemical potential/RH resulted in moisture up-

take, swelling, and an increase of the fibril-fibril separation distance (Figures 3B

and S8); Figure 3E shows a snapshot corresponding to an RH of 80%. The water up-

take at 40% and 80% RH that was obtained from the hybrid simulations (Figure 3A)

corresponded relatively well with the measured water uptake of the CNF foams (Fig-

ure 3A), and a CNF film and CNF foam of higher density (Figure S7A). The fibril-fibril

separation distances estimated from the experimental data (Equations 2 and 3) are in

good agreement with the separation distances at 40% (4.0 Å) and 80% (6.5 Å) RH

(Figure 3B) obtained by GCMC/MD simulations, which suggests that the microstruc-

tural changes in the hygroscopic foam walls can be attributed to moisture-induced

swelling and that the simple geometric approach provides a reasonable estimate

of the fibril-fibril separation distance.

The simulations of square fibrils were complemented with a similar study on hexag-

onal cellulose fibrils arranged in a hexagonal bundle, as shown in Figure S9A. The

inter-fibril separation distance in the hexagonal bundle immersed in water reached

an equilibrium distance ofz7.5 Å (Figures S9B–S9D), which corresponded well with

the GCMC/MD simulation results on the square bundles. Hence, water uptake and

swelling did not depend on the shape or arrangement of the fibrils. Furthermore,

the total energy of the system as a function of time is shown in Figure S10. The total

energy of the system decreases during the course of the simulation until it reaches a

saturation value, which ensures that the system has reached an equilibrium.
Thermal Boundary Conductance

The thermal boundary conductance at the interface between two cellulose slabs with

the cellulose chains organized parallel to one another separated by a gap that can

contain varying amounts of water has been estimated as a function of the gap dis-

tance by non-equilibrium molecular dynamics (NEMD) simulations (Figure 4). The

thermal boundary conductance, TBC, is calculated from Equation 4,

TBC = � J

DT
; (Equation 4)
282 Matter 4, 276–289, January 6, 2021



Figure 4. Thermal Boundary Conductance of CNFs

(A–C) (A) Schematic of the system examined by NEMD simulation, showing top and side views of two cellulose slabs separated by a gap with a variable

distance. Fixed boundary conditions are applied along the x direction, while periodic boundary conditions are applied along the y and z directions.

Thermal boundary conductance at RT estimated by NEMD simulations (B) as a function of gap distance at 16.8 mol/L water density, and (C) as a function

of water density at 6 Å gap distance.

(D) Frequency dependence of the phonon transmission with 16.8 mol/L water density and 6 Å gap distance (black line), 16.8 mol/L water density, and

14 Å gap distance (blue line) and 3.36 mol/L water density and 6 Å gap distance (red line).
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whereDT and J are the temperature difference and the heat flux across the interface,

respectively.

The simulated system (Figure 4A) mimics the interface between the aligned CNFs in

the foam walls and offers the possibility to probe how the variation of the distance

between the nanofibrils and the water content in the gap will affect the thermal

boundary conductance. Indeed, Figure 3 shows that minor changes in RH can result

in significant changes of the fibril-fibril separation distance. We have modeled the

cellulose fibrils on each side of the interface as single crystals, because having

termini with uniform thermal conductivity in NEMD simulations makes the extraction

of thermal boundary conductance straightforward. The inter-fibril separation dis-

tance was modeled as a gap between the slabs (green rectangle in Figure 4A),

and was varied from 6 to 14 Å. The lower value for the gap, 6 Å, is similar to the esti-

mated fibril-fibril separation distance in CNF19 at RH = 0% (6.8 Å) and within the

range observed for CNF2.3 (Figures 3B and S7C). The NEMD simulations show

that the thermal boundary conductance between the two cellulose slabs decreased

by a factor of six as the gap distance increased from 6 to 14Å at a fixed water density

of 16.8mol/L (Figure 4B). The effect of water was modeled by randomly inserting wa-

ter molecules in the gap at a given molar density.

For a fixed gap distance of 6 Å, the thermal boundary conductance increased with a fac-

tor of six as the water density increased from 3.4 to 20.1 mol/L (Figure 4C). Hence, the
Matter 4, 276–289, January 6, 2021 283
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NEMD simulations show that the thermal boundary conductance between cellulose sur-

faces is strongly influenced by the gap distance and water density, suggesting the RH

dependence of the thermal conductivity of the CNF foams (Figure 2B) is determined

by the competing effects of swelling, which reduces the thermal boundary conductance

(Figure 4B), and the replacement of air with water, which increases the thermal boundary

conductance (Figure 4C). Indeed, for RH < 20%, the increase of the gap distance with

increasing RH dominates over the relatively small increase of the water content in the

gap (Figure 3B) and thus results in a decrease of thermal boundary conductance (Fig-

ure 4B), which can explain the decrease of the thermal conductivity of the CNF foams

in this RH range (Figure 2B). For RHU 40%, the observed increase of the thermal con-

ductivity with increasing RH (Figure 2B) corresponds to the significant increase of the

thermal boundary conductance (Figure 4C) caused by the increase in the water content

in the inter-fibrillar gap, and the relatively small increase of the gap distance.

To gain further insight into the transmission and scattering of phonons in nanofibril-

lar assemblies, we calculated the spectral phonon transmission (Equation S15 and

S16)46 at the interface of two nanocellulose fibrils. Figure 4D shows that the low-fre-

quency phonons (<10 THz) are more easily transmitted through the interface than

the high-frequency phonons. Phonon transmission is also significantly suppressed

for nearly the entire frequency range as the gap distance increases at constant water

density. In contrast, when the gap distance is fixed at 6 Å, the phonon-transmission

function increases with the water density.
DISCUSSION

Thermal conductivity measurements and molecular simulations have shown that the

anisotropic heat transfer and thermal boundary conductance of super-insulating ice-

templated CNF foams is controlled by moisture-dependent phonon scattering and

the replacement of air with water. The moisture-induced swelling and increase of the in-

ter-fibrillar separation distance results in a significant reduction of the thermal boundary

conductance that exceeds the thermal conductivity increase due to water uptake. The

anisotropic nanofibrillar foams are super-insulating also at high RH and the minimum

radial thermal conductivity of 14 mW m�1 K�1 at 35% RH is the lowest reported for

ice-templated CNF foams, much lower than commercially available insulating materials

such as EPS and polyurethane, and similar to silica aerogels. Foams of high-charge-den-

sity CNFs with a small diameter display a lower thermal conductivity than foams of low-

charge CNFs with a large diameter, which suggests that a larger number of interfaces in

the foam walls of aligned thin fibrils enhances the phonon scattering contribution.

The humidity-dependent phonon scattering properties of anisotropic CNF foams sug-

gest that tailoring the hygroscopic properties and the related dimensional changes of

nanofibrillar assemblies could be of potential interest in packaging applications and for

thermal management in buildings. The possibility to phonon-engineer nanomaterials

by moisture uptake and release could be extended to other hygroscopic nanofibrillar

materials (e.g., biopolymer-basedmaterials such as chitin and silk), and 1D and 2D inor-

ganic nanomaterials (e.g., clays and metal oxide whiskers).
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to,

and will be fulfilled by, the Lead Contact, Lennart Bergström (lennart.bergstrom@

mmk.su.se)
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Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The published article includes all datasets generated or analyzed during this study.

Materials

A never-dried sulfite softwood cellulose pulp (Domsjö dissolving Plus) was provided

by Domsjö Fabriker AB (Aditya Birla Domsjö, Sweden) and used as starting material.

NaClO (Alfa Aesar), 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO, R

98%, Alfa Aesar), sodium hydroxide (NaOH, P99.2%, VWR Chemicals), sodium bro-

mide (NaBr, BioUltra, P99.5%, Sigma-Aldrich) and sodium borohydride (NaBH4,

R98%, Sigma-Aldrich) were used as received.

Preparation of CNF Suspensions

The CNF2.3/CNF4.4 were prepared as previously reported using the TEMPO/NaBr/

NaClO system with 2.5 and 10 mmol of NaClO per gram of cellulose.47 The

TEMPO-mediated oxidation was performed at pH 10 (reaction time up to 4 h). Resid-

ual aldehyde and ketone groups in the TEMPO-oxidized cellulose (TC) pulps were

reduced by adding 0.1 g of NaBH4 per gram of cellulose to the TC suspension at

pH 10 and allowing it to stir for 3 h48 The TC pulps obtained were washed thoroughly

with deionized water (DI) to remove excess reagents.

The CNF2.3/CNF4.4/CNF19 were obtained by grinding the TC using a supermasscol-

loider grinder (Model MKZA10-15J, Masuko Sangyo Co., Ltd, Japan) equipped with

non-porous grinding stones containing silicon carbide (Disk model MKE), using a

gap clearance of �100 mm at a motor frequency of 30 Hz.

TheCDwas determined by conductometric titration to be 0.02, 0.30, and 1.60mmol

COO– per gram of cellulose for CNF19, CNF2.3, and CNF4.4 respectively.
49

Preparation of Anisotropic CNF Foams

Anisotropic CNF foams were prepared by unidirectional ice templating30,39 from

dispersions of CNF19/CNF2.3/CNF4.4 diluted to 0.5 wt % in deionized water. Teflon

molds 4 cm in diameter and 2.5 cm in height and with copper bottom plates were

filled with CNF dispersion and placed in contact with dry ice, giving a cooling rate

of 3 K min�1. The final dry foams were obtained by ice sublimation at 0.024 mbar

and RT for 4 days using a freeze dryer (Christ Alpha 1-2LDplus, Germany).

CNF Characterization

AFM (Dimension 3100, Bruker, United States) operated in tappingmode was used to

determine the CNF dimensions (Figure S1). A droplet of 0.001–0.005 wt % aqueous

CNF dispersion was deposited onto freshly cleaved mica substrate and dried at RT.

Sedimentation experiments were conducted to determine the aspect ratio of the

CNF. The CNFs were dispersed in deionized water and the heights of the sediments

were measured after 1 week and used to assess the aspect ratio of the CNF19,

CNF2.3, and CNF4.4 suspensions. The aspect ratio was calculated as previously re-

ported38 from crowding number theory (Equation S1).

Foams Characterization

SEM images of the foam cross section were taken using a HITACHI TM-3000 (Ger-

many) using a 5-kV electron beam at a magnification of 3500.
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High-resolution SEM images of the foams wall were taken using a JEOL JSM-7401F

(United States) and a 0.5-kV electron beam at a magnification of 35,000–10,000.

The apparent density, r, of the foams was calculated from the mass and the volume

(height 3 pr2) of the foams, kept for 3 days at 50% RH and 295 K.

The porosity (P) of the foams was determined from the skeletal (rskel)
30 and the

apparent foam density (rapp).

Nitrogen sorption measurements were performed using ASAP 2020 (Micromeritics

Instrument Corporation, Nocross, GA, United States). The CNF foams were de-

gassed at 80�C for 10 h.

XRD (Oxford Diffraction Xcalibur 3, Agilent Technologies, United States) was used to

estimate the crystallinity index (Equation S3) and Hermans orientation parameter

(Equation S4 and S5) of CNFs in the foam walls.

The foam orientation degree (Figure S6) was determined from at least three SEM im-

ages of each foam. ImageJ software and the plug-in OrientationJ were used to

compare the orientation of each pixel with respect to neighboring pixels, and the

frequency was plotted against the angle to give a histogram for each image. This

was fitted to a Gaussian curve and the orientation index (f) was calculated from

the full width at half-maximum (fwhm) of the curve.

DSC (Mettler Toledo 820, Sweden) was used to estimate the Cp (Figure S5) of three

specimens for each foam at RH = 0 at temperatures ranging between �20�C and

50�C at 10 K min�1.
Moisture Uptake

The water vapor sorption of the CNF foams under controlled RH and T was

determined by measuring the weight change using a high-precision balance

(BP 210 S, Sartorius, Germany) placed inside a humidity chamber as described

previously.26 Prior to the measurements, the foams were dried at 313 K

and 20% RH. The moisture content (H2Ow) as a function of RH (20%, 35%,

50%, 65%, and 80%) was assessed at 295 K. Each measurement lasted 6 h to

ensure that steady state was reached, and the foam mass was measured every

5 min.
Thermal Conductivity Measurement

The thermal conductivities (l, mW m�1 K�1) of the foams were measured using

the TPS 2500 S Hot Disk Thermal Constants Analyzer in anisotropic mode. The

transient plane sensor (6.4 mm in radius) was placed between two identical

CNF foams (diameter, 4.1 G 0.1 cm; height, 2.4 G 0.2 cm) (Figure S4A). Good

thermal contact between the sensor and the foams was ensured by putting a

small weight onto the samples (Figure S4B).50 The heating power was 20 mW

and the measurement time was 10 s for each measurement. The foams were en-

closed in a customized cell, allowing for the RH to be controlled (2%–80% RH).26

Five independent measurements were performed at 15-min intervals for each RH

at 295 K on three pairs of foam specimens. The thermal diffusivity and conductiv-

ity values (Equations 1 and S8–S12) of the anisotropic foams at different RH and T

were measured using the wet Cp (Equation S12) and density of the foams as

input.
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GCMC and MD Simulations

The GCMC simulations were run in mVT ensemble, where m (Equations S13 and S14)

is the chemical potential, V is the volume, and T is the temperature of the system. The

MD simulations were performed in NsT ensemble, where N is the number of parti-

cles inside the system and s is the stress on the system.51

All simulations were performed with the LAMMPS MD package.52 The OPLS-AA53

force field modified for carbohydrates was used for the fibrils with SPC/E54

(extended Simple Point Charge) model for water. The parallel alignment of CNF

was investigated by arranging four fibrils in a square pattern with periodic boundary

conditions.

NEMD Simulations

The NEMD simulations were performed using the LAMMPS package.52 The consis-

tent valence force field55 potential was used to describe the bonding and non-

bonding interactions within and between the cellulose molecules, and the SPC

model56 was used for water. For both Lennard-Jones potential and coulombic force,

the cutoff distance was set as 14 Å and the time step was set as 0.5 fs. Fixed and pe-

riodic boundary conditions were adopted in the x and cross-plane (y and z; Figure 4A)

directions, respectively. To impose a temperature gradient, two Langevin thermo-

stats57 with different temperatures (T_high and T_low) were applied to the two

ends of the simulation system (Figure S11).

The simulation systems were first under isothermal-isobaric (NPT) ensemble for 50

ps, during which the entire system reached thermal equilibration and the stresses

in all directions were fully relaxed. Then, the NEMD simulations were performed,

the DT was calculated (Figure S11A), and the cumulative energy DE (Figure S11B)

was used to calculate the heat flux.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.matt.

2020.11.007.
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05990) and Åforsk. M.L. acknowledges support from the Swedish e-Research Centre

(SeRC). The computations were performed on resources provided by the Swedish Na-

tional Infrastructure for Computing (SNIC) at NSC and HPC2N.

AUTHOR CONTRIBUTIONS

V.A.K. and L.B. conceived and designed the study. V.A.K. and N.L. prepared thema-

terials. V.A.K. characterized the CNF and the foams, performed the thermal conduc-

tivity measurements and analyzed the data, and wrote the first draft of the manu-

script. P.M. performed the HRSEM characterization and contributed to the AFM

imaging and XRD data analysis. J.S. conceived the NEMD study, S.H. performed

the NEMD simulations, and J.S. and S.H. analyzed the data. I.Z. and M.L. conceived
Matter 4, 276–289, January 6, 2021 287

https://doi.org/10.1016/j.matt.2020.11.007
https://doi.org/10.1016/j.matt.2020.11.007


ll
OPEN ACCESS Article
the MDwater intake simulations. M.G. performed the hybrid GCMC/MD simulations

and I.Z., M.L., andM.G. analyzed the data. V.A.K. and L.B. wrote themanuscript with

input from all co-authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: June 26, 2020

Revised: September 22, 2020

Accepted: November 5, 2020

Published: November 27, 2020
REFERENCES
1. Jelle, B.P. (2011). Traditional, state-of-the-art
and future thermal building insulation
materials and solutions - properties,
requirements and possibilities. Energy Build.
43, 2549–2563.

2. Fang, Z., Li, B., Liu, Y., Zhu, J., Li, G., Hou, G.,
Zhou, J., Qiu, X., et al. (2020). Critical role of
degree of polymerization of cellulose in super-
strong nanocellulose films. Matter 2, 1000–
1014.

3. Duong, H.M., andNguyen, S.T. (2016). Chapter
15 nanocellulose aerogels as thermal insulation
materials. InNano and Biotech BasedMaterials
for Energy Building Efficiency
(SpringerNature), pp. 97–124.

4. De France, K., Zeng, Z., Wu, T., and Nyström,
G. (2020). Functional materials from
nanocellulose: utilizing structure-property
relationships in bottom-up fabrication. Adv.
Mater. 2000657, 1–22.

5. Usov, I., Nyström, G., Adamcik, J., Handschin,
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