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 Highly porous aerogels, skeleton-like or sponge-like materials 
have aroused considerable recent interest towards various func-
tional properties, such as lightweight construction, thermal 
and acoustic insulation, membranes, separation, chemical 
analysis, catalyst support, sensing, energy technologies, and 
energy absorption. [  1–32  ]  The fi rst aerogels were demonstrated 
already early [  33  ]  and an extensive literature exists based on silica 
gels, sol-gel materials, cross-linked polymers, regenerated cel-
lulose, and pyrolyzed carbon-based materials, as reviewed in 
refs. [  34  ,  35  ]  Aerogels are usually prepared from solvent-swollen 
gel networks by removing the solvent, taken that the network 
collapse can be suppressed by freeze-drying or supercritical 
drying. The air- or gas-fi lled skeleton structure can allow very 
low densities down to ca. 10 mg/cm 3  or less, high porosities 
in excess of 95%, and even high surface areas. As the classic 
routes tend to be brittle, which can reduce application potential, 
there has been extensive search for ductile and fl exible aerogels 
using nanofi bers. In particular, reduced brittleness and even 
fl exibility have been shown using native cellulose nanofi ber 
aerogels, based on nanofi brillated cellulose (NFC), also called 
microfi brillated cellulose (MFC) or using bacterial cellulose. [  6  ,  12  ]  
NFC is particularly attractive due to its enhanced mechanical 
properties with a modulus in the range 140 GPa [  36  ]  and as cel-
lulose is sustainable and the most abundant polymer on Earth, 
as available from plant cell walls. [  37  ]  Importantly, to preserve the 
native crystalline form, specifi c processes have been developed 
to cleave the 3–20 nm diameter nanofi bers from plant cell walls 
without dissolution in practical ways. [  38–40  ]  Also for carbon nano-
tubes (CNTs) several approaches have recently been described 
to prepare aerogels. [  3–5  ,  7  ,  9  ,  13–15  ,  17  ,  21–23  ,  27–32  ]  Therein, in a typical 
solvent-based process, CNTs are fi rst chemically or physically 
functionalized or mixed with binder polymers to increase 
the nanotube-nanotube interactions which, in turn, promote 

gelation and fi nally lead to aerogel formation upon freeze-drying 
or supercritical drying. But interestingly, gas phase synthesis 
can lead to CNT elastic sponges even without binders and cross-
links obviously due to entanglements. [  14  ,  15  ]  Such sponges allow 
also pressure sensing in compression as the resistance depends 
on the strain level, refl ecting the importance of the electrical 
contacts between the nanotubes, i.e., electrical percolation for 
the overall electrical behavior. However, even if CNT aerogels 
show exciting properties, their production in bulk quantities 
poses challenges. 

 Here we combine the best aspects of NFC and CNT aerogels 
in their hybrids in a synergistic manner, both forming sepa-
rately aerogels, as described above. In more detail, we foresee 
that the mechanically excellent NFC nanofi bers, as available 
from widely abundant sustainable plant-based sources and 
facile processes could be templates for functionalization by 
small weight fractions of CNT, thus combining the bulk avail-
ability of NFC and advanced electrical properties of CNT. Such 
hybrid nanocomposite aerogels have not yet been presented. 

 NFC nanofi bers were prepared from an aqueous native birch 
pulp by fi rst grinding and then passing 16 times through a 
homogenizer, essentially as reported elsewhere. [  6  ]  After such a 
process, the entangled nanofi bers have diameter of ca. 9 nm 
and it forms an aqueous suspension of a concentration of 
1.7 wt%. Importantly it forms a hydrogel, as described before, [  38  ]  
see schematics in  Figure    1  a. Regarding larger scale applica-
tions, few-walled carbon nanotubes (FWCNT) were selected 
instead of single-walled nanotubes, having intact inner layers 
after chemical modifi cations. They were produced by catalytic 
pyrolysis of CH 4  in the presence of H 2  at 960  ° C on the (Co–
Mo)/MgO catalyst (see Supporting Information), as described 
previously. [  41  ]  They have diameter of 3–7 nm, see Figure  1 e. 
In order to promote dispersibility in water, FWCNTs were 
surface functionalized by oxygen containing groups (mostly 
-COOH,  > C = O, and –OH), see Supporting Information. [  42  ]  For 
simplicity, the functionalized nanotubes are subsequently still 
denoted as FWCNTs. An aqueous dispersion of FWCNT of the 
concentration of 0.4 wt% is added into the NFC hydrogel, fol-
lowed by mixing with a high-speed mixer and ultrasonic bath 
(Figure  1 b). The emphasis was in the composite hydrogel com-
positions where the NFC forms the majority phase, i.e., NFC/
FWCNT 100/0, 95/5, 90/10, 85/15, 80/20, 75/25 w/w. The pure 
FWCNT hydrogel was obtained by increasing the concentration 
to 2.0 wt%, followed by mixing with a high-speed mixer and 
ultrasonic bath. This leads to macroscopically essentially homo-
geneous suspensions by visual inspection.  
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 The aerogels were next prepared by freeze-drying. The hybrid 
hydrogels were positioned in a mold, which was then rapidly 
immersed in a cryogenic fl uid for cooling and freezing fol-
lowed by insertion in a vacuum chamber on a pre-cooled metal 
support plate and pumping to remove the ice by sublimation 
(see Figure  1 c and Supporting Information). The procedures 
are similar as described for pure NFC aerogels previously. [  6  ]  In 
the fi rst protocol, liquid nitrogen (boiling point –196  ° C) was 
used for cooling and relatively thick (3 mm) samples of lateral 
dimensions 14 mm  ×  5 mm were used. After freeze-drying, the 
morphologies were inspected by scanning electron microscopy 
(SEM). Figure  1 d shows the SEM micrograph for the NFC/
FWCNT 95/5 w/w aerogel as a characteristic example. Sheet-
like structures of micrometer lateral dimensions are observed, 
as connected by nanofi ber bundles of up to ca. 100 nm dia-
meter. The sheet-like aggregation can be qualitatively explained, 
as upon immersing the room-temperature aqueous gel sample 
in liquid nitrogen leads to a thin thermally insulating N 2 -gas 
layer on the sample surface (the so-called Leidenfrost effect), 
thus slowing down the heat transfer between the sample and 
the cryogenic fl uid. [  18  ]  This, in combination with the relatively 
large selected sample thickness causes slow cooling. Therefore, 
the ice crystals have time to grow during the cooling and they 
become large. This promotes the aggregation of nanofi brils into 
sheets, as known for NFC. [  6  ]  But also FWCNT has a tendency to 

form large sheets due to aggregation upon immersing in liquid 
nitrogen (see Supporting Information Figure S2a, c). The ques-
tion arises whether NFCs and FWCNTs aggregate into separate 
nanosheets or form hybrid nanosheets. Due to their roughly 
similar diameter, it is diffi cult to recognize individual NFC and 
FWCNT nanofi bers in the sheets by SEM observation. Indirect 
observations point towards composite sheets: the pure FWCNT 
aerogels as freeze dried in a similar fashion, show sheets with 
characteristically sharp edges (Figure S2c), not observed in the 
hybrid aerogels (see e.g. composite Figure  1 d), thus suggesting 
co-aggregation. This would not be surprising, as benzene rings 
and cellulose have direct affi nity [  43  ]  and the present surface 
functionalization of FWCNT also promotes hydrogen bonding 
to NFC. The sheet-like morphology of NFC and FWCNT would 
have an important role in the electrical properties, to be dis-
cussed later. In another freeze-drying protocol, liquid propane 
(boiling point –42  ° C) cooled to liquid nitrogen temperature 
is used for cooling, leading to no thermally insulating boiling 
gas layer. [  18  ]  Selecting suffi ciently thin samples (1 mm) a rela-
tively quick cooling results. This leads to drastically different 
morphology, as no sheet-like fi brillar aggregates are formed, 
as shown for 1 mm thick NFC/FWCNT 95/5 w/w aerogel 
(Figure  1 d). The ice crystals are now smaller and the nano-
fi brillar network structure is mostly preserved upon freezing 
and sublimation of ice. Also for pure FWCNT aerogels, the 

     Figure  1 .     a) Nanofi brillated cellulose (NFC) forms strong physical gels in aqueous medium due to the long and entangled hydrogen bonded native 
cellulose nanofi bers of diameters in the nanometer range. b) Few-walled carbon nanotubes (FWCNTs) are modifi ed to allow dispersion in the aqueous 
medium, mixed in the NFC hydrogel and homogenized by ultrasound treatment. c) The hybrid NFC/FWCNT hydrogel is inserted in a mold, and cooled 
by plunging into liquid propane or liquid nitrogen and freeze-dried to allow aerogels. d) Freeze-drying from liquid nitrogen leads to slow cooling and 
to sheet-like morphology due to aggregation of NFC and FWCNT, whereas freeze-drying from liquid propane leads to quicker cooling and to fi brillar 
morphology. e) Cryo-TEM images of NFC/FWCNT 75/25 w/w aerogel; at high magnifi cation the FWCNT (black arrow) can be distinguished from NFC 
(red arrow). It is clear that NFC and FWCNT are in close contact. f) Conductivity of NFC/FWCNT aerogels.  
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for pure FWCNT. But importantly, without added NFC, the 
pure FWCNT underwent some shrinkage after ice sublimation, 
which leads to higher density  ≈ 0.054 g cm  − 3 . This effect can 
be explained by the strong  π  −  π  interaction which leads to the 
tendency to form FWCNT bundles. Therefore, NFC templating 
allowed reaching lower densities ca. 0.01 – 0.02 g cm  − 3  in the 
composite aerogels.   

 Finally, the electrical properties upon compression were 
investigated using aerogels with sheet-like structure by liquid 
nitrogen freeze-drying. The aerogel was clamped between two 
conducting electrodes, and pressure was exerted by dry N 2 -gas. 
 Figure    3  a shows the relative resistance change  vs  imposed pres-
sure for the aerogel NFC/FWCNT 75/25 w/w having the density 
 ≈ 0.01 g cm  − 3 . A change of pressure of 0.1 bar induces a 10% 
relative change in the resistance. The stability is demonstrated 
by cycled 0.5 bar pressure. For comparison, for NFC/FWCNT 
80/20 w/w having almost double density  ≈  0.018 g cm  − 3  
but smaller weight fraction of FWCNT, an almost similar 
compression stress strain curve was observed. Regarding 

sheet forming tendency is smaller for the liquid propane freeze-
drying than in the case of liquid nitrogen freeze-drying (Sup-
porting Information Figure S2b,d). 

 Transmission electron microscopy (TEM) was used in an 
effort to resolve the individual NFC nanofi bers and FWCNT 
nanotubes. In this respect, the composition NFC/FWCNT 
75/25 w/w turned most feasible, as it contained relatively large 
fraction of FWCNT, see Figure  1 e. Liquid propane freeze drying 
was used to preserve fi brous structure. Figure  1 e shows indi-
vidual FWCNTs of diameter of ca. 3 nm and NFCs of lateral 
dimensions of ca. 9 nm. The fi gure also indicates that there 
exists an intimate contact between the FWCNT and NFC, due 
to their expected interaction, as described above. 

 The electrical conductivities of NFC/FWCNT aerogels are 
shown in Figure  1 f for the two freeze-drying methods. Pure 
NFC aerogels are not conductive whereas the pure FWCNT 
aerogel has an electrical conductivity of 1.8 S · cm  − 1  upon liquid 
nitrogen freeze-drying and an order of magnitude less for the 
liquid propane freeze-drying. In the hybrid aerogels the elec-
trical conductivity increases upon increasing the FWCNT 
weight fraction, and liquid nitrogen freeze-dried NFC/FWCNT 
80/20 w/w aerogel shows a relatively high electrical conductivity 
of 1  ×  10  − 2  S · cm  − 1 . The sheet-like architectures, as observed for 
the liquid nitrogen freeze-dried samples of thickness 3 mm, 
show higher conductivities in all cases than the corresponding 
compositions following the liquid propane freeze-drying of 
1 mm thick aerogels having the fi brillar structure. This obser-
vation was particularly clear for the composition NFC/FWCNT 
95/5 w/w, which did not conduct based on liquid propane 
freeze-drying. We tentatively assign the higher conductivity in 
case of the sheet architecture for a subtle hierarchical percola-
tion: At the smaller length scale, the FWCNTs percolate within 
the essentially 2-dimensional aggregate sheets within the 
NFC matrix, and in the larger scale these essentially 2-dimen-
sional conducting sheets percolate in the 3-dimension aerogel 
overall volume, also connected by fi brillar NFC and FWCNT. 
Therefore, we concentrate in the following solely on aerogels 
involving sheet-like architecture as achieved by the slow cooling 
in freeze-drying by the liquid nitrogen freeze-drying and thick 
samples. 

 The stress-strain curves under compression are shown in 
 Figure    2   for the liquid nitrogen freeze-dried aerogels involving 
sheet-like architecture up to FWCNT concentration of 20 w/w 
having approximately a constant density  ≈  0.02 g cm  − 3  (see 
 Table    1  ). The pure NFC aerogel has an essentially linear 
stress-strain curve at low strains without yield point and the 
maximum compression strain 70% is observed. This indicates 
a ductile behavior of pure NFC aerogels with reduced brittle-
ness, as expected from previous works for NFC. [  6  ]  Upon adding 
FWCNTs the shape of the stress-strain curve remains qualita-
tively similar, but the stress levels curiously become reduced 
and the maximum strain increases to 95% for the FWCNTs 
content approaching 20 w/w. In other words, replacing part 
of NFCs by FWCNTs in the compositions leads to plasticiza-
tion, which is at fi rst slightly surprising. But this might be 
explained by the smaller number of interaction sites in the 
functionalized FWCNT in comparison to the extensive amount 
of hydroxyl groups of NFCs, i.e., a FWCNT binds weaker with 
its local surrounding. The inset shows the stress-strain curve 

     Figure  2 .     Compression stress-strain curves of hybrid NFC/FWCNT aero-
gels (The density is in the range 0.02 g cm  − 3 ) For reference, the inset 
depicts the pure FWCNT aerogel (density   ρ    ≈  0.054 g cm  − 3 ), which did 
not allow low-density aerogels without collapse.  

   Table  1.     Mechanical properties of the NFC/FWCNT aerogels with dif-
ferent FWCNT weight fraction. Data refer to mean values and corre-
sponding standard deviations in brackets of at least fi ve samples. Density 
and porosity calculations are described in Supporting Information. 

FWCNT 
weight fraction 
[% w/w]

density 
[g cm  − 3 ]

porosity 
[%]

maximum 
compression 

strain [%]

compression 
strength 

[kPa]

specifi c compres-
sion modulus 
[MPa g  − 1  cm 3 ]

0 0.024 98.4 70 (2.3) 522 (29) 22 (1.2)

5 0.023 99.2 73 (2.2) 497 (38) 22 (1.7)

10 0.022 99.3 83 (1.3) 651 (59) 30 (2.7)

15 0.015 99.5 88 (1.1) 510 (47) 34 (3.2)

20 0.018 99.4 95 (0.4) 548 (86) 30 (4.3)

25 0.010 99.7 94 (1.2) 567 (76) 41 (15.4)

100 0.054 96.4 82 (2.3) 549 (81) 10 (1.5)
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nanofi ber/nanotube aerogel concept shows qualitatively sim-
ilar behavior using only a minor fraction of the more precious 
FWCNTs by combining with the nanocellulosic fi bers. Taken 
the abundant availability of NFC, and the robustness, the con-
cept is attractive. Also, NFC is herein the main source for good 
elastic mechanical properties whereas FWCNTs are responsible 
for the electrical properties, thus showing synergism between 
the nanofi bers and nanotubes within the aerogels.  

 In summary, incorporating both NFC and CNT within 
the aerogels allows to combine the attractive features of both 
components: the wide availability, easy processing, and sus-
tainability of the NFC majority component and the advanced 
electrical properties of the CNT minority component. In this 
letter we have described the fi rst such hybrid aerogels, denoted 
here as hybrid nanofi ber/nanotube aerogels, where both com-
ponents have the tendency to form aerogels separately. The 
aerogels have been freeze-dried from aqueous hybrid gels. The 
hybrid nanofi ber/nanotube aerogels are ductile, with reduced 
brittleness, as promoted by the particular native structure of 
NFC, which is retained by directly cleaving it from plant cell 
walls without dissolution steps. The aerogel morphology can 
be tuned by the freeze-drying process, as slow cooling by 
immersion of a hydrogel sample into liquid nitrogen leads 
to nanofi ber aggregation into sheets, whereas quick cooling 
in liquid propane suppresses the sheet formation and allows 
fi brils in thin samples. We foresee that combining nanocellu-
losics and carbon nanotubes allows a wide variety of responsive 
electroactivity, pressure sensing, and functional materials, com-
bining the best aspects of both components even towards larger 
scale applications.  

 Experimental Section 
 Experimental details are given in the Supporting Information.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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the resistance change under pressure, a qualitatively similar 
behavior was also here observed (Figure S4, Supporting Infor-
mation), but in order to achieve 10% relative change in resist-
ance, the imposed pressure has to be ca. 5 bar. This indicates 
the complex interplay within the overall percolation, as effected 
by the mechanical percolation by the aerogel structure and 
density, and the electrical percolation as controlled by the CNT 
concentration, and the hierarchical percolation due to the sheet 
formation. We fi nally point out that addition of NFC was essen-
tial, as without NFC, the resistance did not behave reproduc-
ibly under compression using the present FWCNTs (Figure S5, 
Supporting Information). Previously related mechanically 
elastic and electrically reversible compressional behavior has 
been achieved using aerogel compositions where CNT or 
graphene form the majority phases, including minor fraction 
of binders or cross-linkers or also using subtle chemical vapor 
deposition concepts. [  13–15  ,  21,23  ]  By contrast, the present hybrid 

     Figure  3 .     The absolute resistance changes of hybrid NFC/FWCNT aero-
gels as a function of exerted hydrostatic pressure by pressurized N 2  gas. 
The samples have been prepared by liquid nitrogen freeze-drying, thus 
leading to sheet-like morphology. a) FWCNT loading of 25 w/w allows 
high sensitivity of even small pressures whereas b) for lower FWCNT 
loading 20 w/w higher pressures are needed to allow signifi cant absolute 
resistance changes and removing pressure leads to small hysteresis.  
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