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Carbon-based aerogels, composed of interconnected three-
dimensional (3D) networks, have attracted intensive atten-
tion because of their unique physical properties, such as low
density, high electrical conductivity, porosity, and specific
surface area.[1–3] As a result, carbon-based aerogels are
promising materials used as catalyst supports,[4] artificial
muscles,[5] electrodes for supercapacitors,[6] absorbents,[7] and
gas sensors.[8] Especially, ultralight or flexible carbon-based
aerogels have many potential applications. For example,
ultralight nitrogen-doped graphene framework, used as an
absorbent for organic liquids or the active electrode material,
exhibits a high absorption capacity and specific capacitance;[9]

stretchable conductors, fabricated by infiltrating flexible
graphene foam with elastic polymers, show high stability of
electronic conductivity even under high stretching and bend-
ing strain.[10]

Traditionally, to fabricate carbon aerogels, resorcinol–
formaldehyde organic aerogels were pyrolyzed in an inert
atmosphere to form a highly cross-linked carbon struc-
ture.[11, 12] The carbon aerogels always have a high density
(100–800 mgcm�3)[11, 13] and tend to break under compression.
Carbon nanotube (CNT) sponges,[7] graphene foam,[10] and
CNT forests[14] have been prepared through chemical vapor
deposition (CVD). Meanwhile, CNTs and graphene can be
employed as building blocks and assembled into macroscopic
3D architectures.[15–18] However, the harmful and expensive
precursors or complex equipments involved in these synthe-
ses dramatically hamper the large-scale production of these
carbon-based aerogels for industry application. Recently, we
have developed a template-directed hydrothermal carbon-
ization process for synthesis of carbonaceous nanofiber

hydrogels/aerogels on macroscopic scale by using glucose as
precursors.[19] However, the use of expensive nanowire
templates in this synthesis pushes us to explore a facile,
economic, and environmentally friendly method to produce
carbon-based nanostructured aerogels.

Nowadays, there is a trend to produce carbon-based
materials from biomass materials, as they are very cheap, easy
to obtain, and nontoxic to humans, etc.[20] Bacterial cellulose
(BC), a typical biomass material, is composed of intercon-
nected networks of cellulose nanofibers,[21, 22] and can be
produced in large amounts in a microbial fermentation
process.[22] Recently, we reported a highly conductive and
stretchable conductor, fabricated from BC, shows great
electromechanical stability under stretching and bending
strain.[23]

Herein, we report a facile route to produce ultralight,
flexible, and fire-resistant carbon nanofiber (CNF) aerogels in
large scale from BC pellicles. When used as absorbents, the
CNF aerogels can absorb a wide range of organic solvents and
oils with excellent recyclability and selectivity. The absorption
capacity can reach up to 310 times the weight of the pristine
CNF aerogels. Besides, the electrical conductivity of the CNF
aerogel is highly sensitive to the compressive strain, thereby
making it a potential pressure-sensing material.

For fabricating the CNF aerogels, a piece of purified BC
pellicle with the size of 320 � 240 � 12 mm3 was first cut into
rectangular or cubic shape and then freeze-dried to form BC
aerogels (see the Supporting Information). The dried BC
aerogels were pyrolyzed at 700–1300 8C under argon atmos-
phere to generate black and ultralight CNF aerogels. After
pyrolysis, the volume of obtained CNF aerogel is only 15% of
that of the original BC aerogel. Meanwhile, the density
decreases from 9–10 mg cm�3 for BC aerogels to 4–6 mgcm�3

for CNF aerogels, owing to evaporation of volatile species.
The macroscopic sizes of the as-synthesized CNF aerogels are
dependent on the sizes of the BC pellicles cut in the
fabrication procedure.

It is well-known that temperature has a great influence on
pyrolysis products.[24] To create ideal CNF aerogels, BC
aerogels were pyrolyzed separately at different temperatures.
Scanning electron microscopy (SEM) images show that BC
aerogels exhibit a porous, interconnected, well-organized 3D
network structure, which was formed through self-assembly in
the bacteria culture process (Figure 1a). A high-magnifica-
tion SEM image indicates that the nanofibers with a diameter
of 20–80 nm are highly interconnected with large numbers of
junctions (see the Supporting Information, Figure S1). After
the pyrolysis treatment, the porous 3D structure of BC
aerogels was maintained, and the diameter of the nanofibers
decreased to 10–20 nm (Figure 1b, also see the Supporting
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Information, Figure S2). No apparent difference in their
appearances and morphologies was observed from CNF
aerogels generated at different temperatures (see the Sup-
porting Information, Figure S3). The X-ray diffraction
(XRD) pattern of original BC showed three characteristic
peaks centered at 14.78, 16.98, and 22.78, corresponding to the
typical (11̄0), (110), and (020) planes of cellulose I, respec-
tively[25,26] (see the Supporting Information Figure S4). After
pyrolysis at 700 or 1000 8C, these peaks disappeared, thus
indicating that the crystalline structure of BC was destroyed
during the pyrolysis process and amorphous carbon was
formed. When the pyrolysis temperature increased to 1300 8C,
a broadened peak centered at 22.48 was observed, corre-
sponding to the (002) plane of graphite.

The effect of pyrolysis temperature was also revealed by
Fourier transformed infrared (FTIR) spectra, in which the
main absorption peaks of functional groups, such as C=O, C–
O, C–H, and -O–H, gradually became weak and finally
disappeared, thereby indicating the improvement of carbon-
ization degree with the increase of pyrolysis temperature (see
the Supporting Information, Figure S5). The results are
further confirmed by X-ray photoelectron spectroscopy
(XPS) analysis, in which the atom ratios of C to O are 1.31,
14.13, 17.16, and 20.55 for original BC and the CNF aerogels
fabricated at 700, 1000, and 1300 8C, respectively (see the
Supporting Information, Figure S6).

A significant change of the surface wettability occurred
after pyrolysis treatment (Figure 1c). It was observed that the
original BC aerogel exhibits surface superhydrophilicity.
When water droplets come into contact with the BC aerogel
surface, they spread out completely, exhibiting a low contact
angle (< 18) in the atmosphere. The phenomenon can be
explained by the fact that the dried BC aerogel is the product
of freeze-dried BC hydrogel, which is superhydrophilic. In
contrast, the CNF aerogels became hydrophobic after pyrol-
ysis treatment, and the contact angle of the CNF aerogels
changed from 113.508 to 128.648 with increasing pyrolysis
temperatures. This result can be explained with FTIR spectra
(see the Supporting Information, Figure S5), which show that
the number of hydrophilic functional groups, such as C=O, C–
O, and -O–H, gradually decreased with increasing pyrolysis
temperature; finally these groups disappeared, and the nature
of the remaining carbon is hydrophobic. As a result, the CNF
aerogel pyrolyzed at 1300 8C has the largest contact angle,
which means the best hydrophobic property, and this property
promises potential applications in advanced liquid–liquid
separation or water treatment technology. Therefore, we
chose the CNF aerogels generated from BC pyrolyzed at
1300 8C, which have the highest carbon content and carbon-
ization degree.

The CNF aerogel shown in the inset of Figure 1b has an
ultralow density of 4–6 mgcm�3, which is comparable to those
of ultralight multiwalled CNT aerogel (4 mgcm�3),[27] CNT
sponges (5–10 mg cm�3),[7] and graphene foam grown by CVD
(5 mgcm�3),[10] and is only slightly larger than those of the
lightest silica aerogels (2–3 mgcm�3) and lightest 3D gra-
phene foam (2.1� 0.3 mgcm�3).[9] A piece of CNF aerogel
with dimensions of 1.8 � 0.9 � 0.7 cm3 weighs only 5.6 mg, thus,
it can stand on the top of a clover stably (see the Supporting
Information, Figure S7). Despite its ultralight property and
high porosity (up to ca. 99.7%), CNF aerogel has a high
conductivity of 20.6 Sm�1, which may find applications in
electronic devices. Meanwhile, it exhibits excellent fire-
resistance when exposed to the flame of the alcohol burner;
the CNF aerogel does not support any burning and remains
inert all the time. Even though we repeated this procedure
several times, its shape, size, and inherent 3D porous structure
remained the same (Figure 1d and Movie S1 in the Support-
ing Information).

Interestingly, the CNF aerogels display high flexibility that
was rarely observed in conventional low-density, high-poros-
ity materials (e.g., silica-based aerogels). The CNF aerogel
can bear a manual compression to more than 90 % volume
reduction and almost recover its original volume after release
of the compression, thus showing the aerogel is compliant and
elastic. Figure 1e shows plots of compressive stress–strain for
the set e maxima of 30 %, 60%, and 90%. Two distinct stages
were observed during loading the stress, including a linear
elastic region at e< 75%, followed by a densification region.
In the linear elastic region, the compressive stress gradually
increased with the strain, owing to the elastic bending of the
nanofibers. In the densification region at e> 75%, the stress
rises steeply with compression, because the nanofibers
impinge upon each other. For all compressive stress–strain
tests (e = 30 %, 60%, and 90%), the unloading curves show

Figure 1. a,b) SEM images of the BC aerogel (a) and the CNF aerogel
treated at 1300 8C (b). The insets in (a) and (b) show the photographs
of the BC pellicle and the CNF aerogel prepared by pyrolysis at
1300 8C. c) Water contact angle measurements of the original BC
aerogel and the CNF aerogels prepared by pyrolysis at different
temperatures, indicating that the hydrophobic properties of CNF
aerogels improved with increasing pyrolysis temperature. d) Photo-
graph of CNF aerogel in a hot flame of an alcohol burner. e) Compres-
sive stress–strain curves of a CNF aerogel at different set strains e of
30, 60, and 90 %. The inset in (e) shows the sequential photographs of
the CNF aerogel during the compression process (in the middle, the
compressed form is shown).
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that the stresses remain above zero until e = 0, thus indicating
complete volume recovery without deformations. No obvious
changes of CNF morphology in fully recovered aerogels are
revealed by SEM images (see the Supporting Information,
Figure S8). Although the aerogel was compressed to 90%
volume reduction, it had a very low compressive stress of
64 kPa owing to low density and porous structure. The
hysteresis loops in all the tests formed by the loading and
unloading curves represent typical stress–strain diagrams of
elastomeric open cell foams, thereby indicating substantial
energy dissipation owing to friction between flowing air and
the aerogel skeleton.[7, 28] We attribute the robust mechanical
properties of the CNF aerogels to both the inherent flexibility
of CNFs and the unique interconnected 3D networks of
monolithic CNF aerogels.

Owing to their surface hydrophobicity, high porosity, and
mechanical stability, the CNF aerogel is an ideal candidate for
highly efficient separation/extraction of specific substances,
such as organic pollutants and oils. As shown in Figure 2a,
when a small piece of CNF aerogel was forced to the gasoline
(dyed with Sudan III), it absorbed the oil completely in
several seconds, resulting in the clean water originally
contaminated by the gasoline. Because of its low density
and hydrophobic nature, the CNF aerogel is floating on the
water surface after collecting all gasoline, thereby indicating
a facile and useful route for cleaning up oil spillage and
chemical leakage. The absorption efficiency can be referred to
as weight gain, wt %, defined as the weight of absorbed

substances per unit weight of pristine CNF aerogel. Various
kinds of organic solvents and oils were investigated, such as
hydrocarbons (n-hexane, cyclohexene, etc.), aromatic com-
pounds (toluene and bromobenzene), and commercial petro-
leum products (gasoline, diesel oil, and pump oil), which all
are common pollutants in daily life or industry. The CNF
aerogel exhibits a very high absorption capacity for all of
these organic liquids. In general, it can absorb the liquids up
to 106 to 312 times its own weight (Figure 2b). The mecha-
nism is mainly physical absorption of organic molecules,
which can be stored in the pores of the CNF aerogel. Owing to
the low density and high porosity, the absorption efficiency of
CNF aerogel is much higher than that of other typical carbon-
based absorbents (see the Supporting Information, Table S1),
such as spongy graphene (20–86 times),[29] graphene and CNT
hybrid foam (80–130 times),[30] CNT sponges (80–
180 times),[7] carbonaceous nanofiber aerogel (40–
115 times)[19] and even two orders of magnitude higher than
that of activated carbon (< 1).[31] To our knowledge, this
absorption capacity ranked second among all absorbent
materials reported to date for organic solvents and oils; it is
only lower than that of the graphene framework (200–
600 times), which has a lower density.[9] However, it is difficult
to achieve industry application for the graphene framework
because of the complicated synthesis procedure and the
limited synthetic scale.

The recyclability of the CNF aerogels and the recover-
ability of pollutants are key criteria for oil/chemical cleanup
applications. The regeneration of CNF aerogels is illustrated
in Figure 3 a,b. Direct combustion in air was applied; in this
case the absorbed substances are efficiently used for heating.
After five absorption/combustion cycles, 124 and 105 times
weight gain (89% and 59% for their original absorption
capacities) were achieved for ethanol and gasoline, respec-
tively. The absorption capacities decreased with the number
of cycles, because the CNF aerogels became smaller during
the combustion process. However, the 3D fibrous networks of
the CNF aerogel still remained after absorption and combus-
tion, thus making it recyclable for many times. Furthermore,
distillation was employed as an alternative method for
recycling (Figure 3c,d). After absorption, the sample was
heated to the boiling point to release the absorbed liquid.
Then, we collected the vapor of the liquid for recycling. No
obvious change in absorption capacity was found after five
absorption/distillation cycles, because the size and the poros-
ity structure stayed the same during the whole process. The
results clearly show the good recyclability of the CNF aerogel
when used as an absorbent. Compared with other carbon-
based absorbent materials, CNF aerogels have some out-
standing features, such as inexpensive and environmentally
friendly raw materials, facile preparation, high absorption
capacity, good recyclability, and most importantly, the supe-
rior ability for large-scale synthesis (see the Supporting
Information, Table S1).

Finally, the combined compressible and conductive prop-
erties of the CNF aerogels lead to their pressure response. The
correlation between electrical resistance of CNF aerogel and
compressive strain was investigated (Figure 4a). When the
CNF aerogel was gradually compressed, the electrical resist-

Figure 2. Uptake of organic liquids by the CNF aerogels. a) A layer of
gasoline (colored with Sudan III for clear presentation) was absorbed
by a CNF aerogel completely in 10 seconds. b) Absorption efficiency of
CNF aerogels for various organic liquids.
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ance decreased nearly linearly with the compressive strain
e from 0 to 70 %. Interestingly, the results are in accordance
with the compressive stress–strain linear elastic region at e<

75%. In this region, the interface contact spots of nanofibers

and the density of the CNF aerogel
increased linearly with the compres-
sive strain, thus leading to electrical
resistance decreasing linearly. The
decrease of electrical resistance
becomes slowly with further increase
of compressive strain, because the
CNF aerogel has become densified,
and only few new interface contact
spots were formed during this pro-
cess. Furthermore, the variation of
electric current in a closed circuit
was recorded; this experiment shows
the continuous change of current
with compressive strain and high
reversibility of the CNF aerogel as
a pressure-sensitive material (Fig-
ure 4b).

In conclusion, we report a facile,
economic, environmentally friendly
method to fabricate the ultralight
CNF aerogel with a density of 4–
6 mgcm�3. The CNF aerogel has
excellent fire-resistant properties,
and exhibits extraordinary compres-
sibility. The absorption capability of
the BC-derived CNF aerogel can be
as high as 106–312 times its own

weight for organic pollutants and oils, which is much higher
than that of other absorbents. Besides, this kind of CNF
aerogel generated from BC can be used for pressure sensors.
Other potential applications of the CNF aerogel may include
3D electrode materials for lithium-ion batteries and super-
capacitors, catalyst supports, and advanced sensors.
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