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ARTICLE INFO ABSTRACT

Article history: Inspired by the structure of a leaf, which is constituted of veins, midribs and laminas, we
Received 20 February 2014 report the synthesis of aerogels based on nanocarbon complexes that exhibit good electri-
Accepted 23 May 2014 cal conductivity, large internal surface area and stable structural integrity upon cyclic com-
Available online 5 June 2014 pression. These materials are prepared as monolithic solids from suspensions of unzipped

and partially exfoliated multi-walled carbon nanotubes. Under optimized oxidation condi-
tions, all the walls of the multi-walled carbon nanotubes are unzipped but only the outer
tubes are exfoliated, creating nanoscale multi-layered graphene oxide sheets attached to
inner trench-like structures. The exfoliated parts provide high surface area and functional
groups, while the inner trench-like structures remain relatively intact and thus retain their
electrical conductivity and mechanical properties, which facilitates charge transport and
structural stability for the aerogel. The hydrophilic functional groups on the graphene
oxide nanosheets make these structures highly soluble, and as a result, the density and
mechanical properties can be adjusted to a large extent without sacrificing the porosity
or cell wall uniformity. These nanocarbon aerogel complexes exhibit high damping capabil-
ity with no significant change in piezoresistive properties after more than 4500 compres-
sive cycles, and its original shape can be recovered quickly after compression release.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction units into 3-D structures is a key step for a number of applica-

tions, especially in the areas of catalysis and energy conver-
Carbon nanotube and graphene, combining extraordinary sion/storage which includes electrochemistry, photocatalysis
electrical, mechanical and thermal properties, are the most as well as chemical and biological sensors [6-12]. Various
extensively explored carbon allotropes [1-5]. The ability to methods, such as vacuum assisted filtration, self-gelation,

translate the unique properties of these nanoscale building hydrothermal, chemical vapour deposition (CVD) and ice
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templating have been developed to fabricate nanocarbon
based aerogels [13-18]. However, because of the competing
requirements of high specific surface area and structural/
mechanical/conductive properties (the former require nano-
carbon building units exposed and separated as much as pos-
sible, while the latter require units piled up densely to enable
effective stress/mass transfer), most of the existing porous
carbon aerogels display either low surface area or poor struc-
tural integrity and elasticity. For example, carbon nanotubes
aerogels in the form of forests and sponges, possess charac-
teristics of high electrical conductivity and superelasticity
resulting from their tubular or fibrillar structure with high
bending stiffness, however, their application in the energy-
related area is limited by their relatively low specific surface
area [19-23]. By contrast, graphene oxide or reduced graphene
oxide based aerogels offer higher specific surface area but
their electrical conductivity is inadequate due to irreversible
chemical oxidation of graphene oxide [24-28]. In addition, a
homogenous and stable graphene oxide dispersion with high
concentration (>10 mg/ml) is difficult to achieve, mainly due
to the 2-D characteristics of the graphene oxide nanosheets
[26]. Organic functionalization is also a strategy that has been
used to manipulate the nanocarbon building blocks [27-29].
Grafted with organogelators, these building blocks can be
cross-linked and result in highly porous interconnected struc-
tures [29]. However, it should be noted that the functionaliza-
tion process would unavoidably induce some agglomeration,
which results in non-uniform structures of the cell walls.
From the above discussion it is evident that simultaneous
realization of mechanical strength and electrical conductivity
without sacrificing high specific surface area is challenging to
achieve.

To design an appropriate structure that can possess all the
above mentioned properties, we examined a variety of exist-
ing natural structures. As one of the most ubiquitous natural
structures, trees and leaves (Fig. 1) are particularly interest-
ing. They stand up to strong winds and rains (good mechan-
ical properties), meanwhile absorb nutrients and water
through veins and midribs from roots (stable mass transpor-
tation highway), and sunlight via laminas for photosynthesis
(high surface area). It is the veins and midribs that are respon-
sible for structural stability and mass transportation, whereas
laminas provide more surfaces which facilitate photon
absorption. Such multifunctionality exhibited by natural
structures inspired us to synthesize leaf-like aerogels based
on nanocarbon complexes. Recently, the synthesis and appli-
cations of unzipped carbon nanotubes have attracted consid-
erable attention, due to their unique physical and chemical
properties. Since Tour reported the oxidation unzipping
method to successfully realize the high yield of unzipped
CNT (UCNT) with low cost in 2009 [30,31], the application of
UCNT in various areas, including fabrication of composites
with enhanced mechanical properties, energy conversion
and storage, as well as water purification, have been intensely
explored [32-37]. Thanks to the rapid advances in graphene
science in recent years, various synthesis strategies for graph-
ene can be adapted to produce UCNT based advanced materi-
als that take advantage of the unique nanoribbon structure of
UCNT. In this study, we unzipped multi-walled carbon nano-
tubes (MWCNT) with optimized oxidation condition, creating
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Fig. 1 - Schematic illustration of leaf-inspired nanocarbon
aerogel complexes. (A colour version of this figure can be
viewed online.)

C

nanoscale multi-layered graphene oxide sheets (NMGOS)
attached to the unzipped but un-exfoliated inner tubes which
form a trench-like structure (TS) (Fig. 1). These NMGOS-TS
nanocarbon complexes are highly soluble in water, and thus
can be freeze-dried to aerogels with controllable density and
mechanical properties. Within this aerogel, the NMGOS pro-
vide high specific surface area, playing the similar role as
laminas in leaves, whereas the relatively intact TS with good
mechanical and conductive properties provide a structurally
stable highway for electron transportation, mimicking the
functionalities of veins and midribs in leaves.

2. Experimental

MWCNTs prepared by chemical vapour deposition were
purchased from TIMENANO (>95% purity; outer diame-
ter > 50 nm; inner diameter 5-15 nm, 20-30 walls). Nanocar-
bon complex was prepared using a modified Hummers’
method. MWCNTs (1.5 g) were dispersed in 360 ml concen-
trated H,SO, in a flask by stirring the mixture continuously
for 1 h, followed by the addition of 40 ml H3PO, (85%). KMnO,
(1.5, 3, 4.5, 6, 7.5 g, and the unzipped CNTs are termed as
UCNT_1 to UCNT_5) was added to the mixture slowly. The
mixture is then heated to 65 °C for another 1 h before poured
onto 1000 ml of ice containing 50 ml H,0, (30%). The disper-
sion was centrifuged at 9500 r.p.m for 0.5h to collect solid,
which was then washed by HCI, ethanol and ether succes-
sively. The collected solid was vacuum dried. To prepare
UCNT aerogel, the UCNT was firstly dispersed in DDI water
(Millipore water with a resistant of 18 MQ) by tip sonication
for 30 min with a power of 300 W, and then the dispersion is
unidirectionally frozen by letting the bottom of the dispersion
container contact with liquid nitrogen, and aerogels can be
eventually obtained after sublimation. The aerogels were
further annealed at 200 °C for 2 h to reduce the aerogels upon
partially eliminating oxygen functional groups. The struc-
tures of the aerogels were investigated by scanning electron
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microscopy (HELIOS Nanolab 600i). TEM images were
collected on a Tecnai G2 F30 system. Surface areas were
measured by 3H-2000BET-A (BeiShiDe Instrument). X-ray dif-
fraction (XRD, Empyrean series2, PANalytical) and Raman
spectrum (LabRAM HR Evolution) were also collected to ana-
lyze the structure of UCNT. In order to qualitatively check
the oxidation and reduction degree, thermal gravimetric anal-
ysis (TGA, EXSTAR TG/DTA7000) was performed with a heat-
ing rate of 10°C from room temperature to 1000 °C under
the N, gas protection. The mechanical properties of aerogels
were test by Instron 8628 with a load cell of 2 N. The piezore-
sistance properties were tested in a strain range of 20-50% in
a model of cyclic compression, and the electrical conductivity
was measured and monitored by using the two electrodes
method as shown in Fig. S3.

3. Results and discussion

For the preparation of nanocarbon complexes, MWCNTs were
oxidized in KMnO4/H,SO, dispersion at 65 °C by systemati-
cally varying the concentration of KMnO, from mild to harsh
oxidation condition (KMnO4sMWCNT mass ratio from 1 to 5,
thus named as UCNT_1 to UCNT_5, which represents the
degree of oxidation), as reported by Tour’s group [30,31].
Dispersions with concentration as high as 100 mg/ml, can
be stable without any noticeable sedimentation after 3 weeks.
Such super solubility is mainly resulted from their hierarchi-
cal structure. The nanocarbon complexes are comprised of
hydrophobic TS and hydrophilic NMGOS, behaving in a man-
ner akin to a surfactant-coated particle, and thus are not only
kinetically but also thermodynamically stable. Figs. 2a-c and
S1 present transmission electron microscopy (TEM) images
of the pristine MWCNT and UCNT materials. Clearly, the
unzipping process is initiated from the outermost layer, and
more layers are unzipped with increasing amount of KMnO,.
At low mass ratio of KMnO4/MCNT (MR < 3), only the outer
tubes are successfully unzipped, while the inner tubes are
intact. As the MR increased to 3 (UCNT_3), almost all the
tubes, from the outermost to innermost one, are fully
unzipped, since the width of the channel (>30 nm) formed
by the UCNT is much larger than the inner diameter
(~10nm) of the pristine CNT. Note that in this study, we
report much higher cutting efficiency of our CNT than the
one previously reported by Tour [30,31]. Considering the sim-
ilar CNT diameter and wall thickness in this study with that
used by Tour (description of CNT used in Tour’s report: outer
diameter 40-80 nm, inner diameter 5-15nm, 20-30 walls)
[30,31], such different unzipping kinetics are probably
resulted from the inferior quality of the CNT employed in this
study as evidenced by Raman spectroscopy analysis provided
later in this article. It was found that all of the unzipped CNT
present straight and even edges, and more specifically, the
outer tubes are not only unzipped, but also exfoliated and cre-
ate thin edges to form NMGOS, while the inner tubes are only
unzipped but not exfoliated thus forming TS with relatively
thick edges (Fig. 2c). Further increasing the MR (UCNT_4)
can still enhance the extent of exfoliation of the outer tubes,
but the TS seems not sensitive to the further addition of
KMnO,. As can be seen from Fig. Sld for UCNT_5, the

NMGOSs originated from different MWCNT are large enough
to overlap, while the TSs are evenly distributed. X-ray
photoelectron spectroscopy (XPS) results (Fig. 2d) reveal that
increasing the dosage of oxidant enhances the amount of
hydrophilic functional groups on the surface of the nanocar-
bon complexes, most of which can be subsequently removed
by thermal reduction in spite of the relatively mild reduction
conditions employed in this study. The effectiveness of such
reduction methods is also confirmed by the TGA results
shown in Fig. S6. The structures of the CNT before and after
unzipping treatment are investigated by XRD and Raman
spectroscopy, as shown in Figs. S7 and S8. The inter-layer
spacing varies with increasing oxidation degree and eventu-
ally a peak at ~10.8° is created which corresponds to a spacing
of ~0.82 nm. These XRD results are very similar to that of
graphite oxide and unzipped CNT reported by Tour [30]. The
high D peak intensity of CNT shown in the Raman spectros-
copy results indicates the defective characteristic of our
CNT, which is probably the reason for the different unzipping
kinetics of our CNT comparing to Tour’s. The D-peak intensity
of the CNT after the oxidation and reduction process is almost
the same. The D:G ratios of CNT, UCNT and reduced UCNT
(RUCNT) are 1.13, 1.46 and 1.53, respectively. Such count-intu-
itive phenomenon of increasing of this ratio after reduction is
also observed in Tour’s report [30,31]. The structural evolution
of MWCNT by the unzipping process was also investigated by
BET analysis as shown in Fig. 2e. A pore size peak at 3.5 nm
emerged when the MR is higher than 2 (UCNT_3, UCNT_4
and UCNT_5). The origin of these pores is not clear at this
point, but it is likely that this resulted from the partially exfo-
liated parts of UCNT. The specific surface area of UCNT line-
arly increase with its degree of oxidation, and is tripled
when the MR reach 5, from ~102 to ~302 m%g (Fig. 2f). Note
that the pristine MWCNT employed here has more than 20
tubes with a relatively small specific surface area; therefore
even greater specific surface areas could possibly be achieved
by using MWCNT with fewer tubes and walls. Another inter-
esting observation is that the process for the formation of
NMGOS-TS structure does not follow the pattern as described
by Tour, in which the MWCNT is stepwisely unzipped to form
nanoribbons [30,31]. Instead, for our MWCNT, it appears that
the exfoliation and formation of nanoribbons is initiated only
when the whole MWCNT is fully unzipped. This is presum-
ably caused by the highly defective characteristic of our
MWCNT. From the above analysis of XRD and Raman data,
we conjectured that the unzipping process and the unzipping
degree are controlled by the degree of defects, such as grain
boundaries and the content of sp® hybridized carbon atoms
but not the degree of crystallization. When the MWCNTSs
are successfully unzipped, they can be exfoliated by sonica-
tion, similar to the process for graphene oxide synthesis from
graphite oxide. As the oxidation intensified (MR > 3), more
functional groups can be attached to the galleries of MWCNT,
which increase the inter-planer distance of UCNT and facili-
tates their full exfoliation from TS under aggressive tip soni-
cation. It can be seen from Fig. Sle that the trench-like
structures can still be distinguished even when the MR is as
high as 10, yet with much smaller diameters. Such observa-
tion supports the above proposed exfoliation mechanism.
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Fig. 2 - Structural characterization of UCNT. (a) TEM image of pristine MWCNT. (b) TEM image of UCNT_4. (c) TEM image of the
box in (b) with high magnification. (d) XPS results showing the chemical structures of UCNT before and after thermal
reduction at 200 °C for 2 h. (e) Pore size distribution of unzipped CNT with different oxidation degree. (f) BET surface areas
indicating a large increase with the oxidation degree of the UCNT. Inset image shows the surface area increasing percentage
with the oxidation degree. (A colour version of this figure can be viewed online.)

Next, we take advantage of a versatile, highly efficient
solution phase shaping technique, namely ice templating, to
investigate the possibility of assembling these nanocarbon
complexes into leaf-like aerogels. It is well known that redis-
tribution of nanoparticles occurs during the crystallization of
liquid, which is induced by the rejection of nanoparticles due
to ice formation [38-40]. Highly porous aerogels can be
obtained via subsequent sublimation. Such ice-segregation
induced self assembly process (ISISA) has been successfully
adopted for the preparation of materials with highly sophisti-
cated structures, including polymeric, ceramic, metallic and
composite materials [40-42]. In this study, the nanocarbon

dispersions were unidirectionally frozen by letting the bottom
of the dispersion container contact with liquid nitrogen
(Fig. 3a, bottom), and subsequent sublimation results in
highly porous and self-supported aerogels with a tree-branch
structure in the form of sheets connected by primary vena-
tions (arrows in Fig. 3b-d) running through almost the whole
sample without any break and arranged in a parallel fashion
in the vertical direction (direction of freezing and temperature
gradient), as shown in Fig. 3b-d. As can be seen from the
higher amplification SEM images shown in Fig. 3(e-f), the
sheets are piled up, with NMGOSs from different UCNT
contacting each other and TSs providing structural stability,
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Fig. 3 - ISISA process comparison and SEM images of nanocarbon complexes aerogels, showing the evolution of Pores and
cell walls structure with increasing the oxidation degree (with concentration of 20 mg/ml). (a) Schematic of random ice
template (upper) and unidirectional ice template (bottom). (b) UCNT_1. (c) UCNT_3. (d) UCNT_5. (e) Enlarged image of the box in
(d). (f) Enlarged image of the box in (e). (A colour version of this figure can be viewed online.)

similar to the structure of leaves. Note that, the morphology
of the resulting architecture is dependent on the oxidation
degree of MWCNT; that is, increasing the oxidation degree
favors regularity in the structures, as well as enhancement
of the cell wall thickness. The UCNT_5 aerogel shown in
Fig. 3(d-f), clearly illustrate that the primary venations and
leaf-like sheets are perfectly aligned in the vertical and
horizontal directions, respectively, generating honeycomb
structures. Such leaf-like structures are resulted not only
from the unique structure of the nanocarbon complex, but
also the unidirectional freezing methodology. Indeed upon
random freezing-dry, the pores and walls of the resulted
monoliths are randomly distributed without any cell wall
alignment and honeycomb structures (Figs. 3a and S2). The
high dispersibility of nanocarbon complexes allows us to fab-
ricate aerogels with various densities and thus adjust their
mechanical and electrical properties. Various concentrations
(from 5 to 30 mg/ml) of homogeneous aqueous suspensions
of nanocarbon complexes with different oxidation degrees

(from UCNT_1 to UCNT_5) were used to fabricate aerogels.
Increasing the concentration of nanocarbon complexes can
enhance the continuity and thickness of the cell walls, which
increases the density, and in turn improves the mechanical
and electrical properties of the aerogels, as shown in Figs. 4
and 5. Besides ISISA method, the other two common aero-
gel/hydrogel preparation methods, namely, hydrothermal
and self-assembly by chemical reduction followed by freeze-
drying, were also explored to investigate the effects of the
preparation method on the aerogel structures. However, both
these methods resulted in highly brittle monoliths with ran-
domly distributed pores and walls structures (no honeycomb
structures were observed in these cases: see Figs. S4 and S5).
Therefore, only the aerogels fabricated by the ISISA method
were further tested.

Compression tests (Fig. 4) revealed that the nanocarbon
complex aerogels exhibited excellent resilience and hystere-
sis damping properties. Our aerogel can bear a compression
strain as high as 80% and recover original shape with
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marginal residual strain (Inset in Fig. 4b). The strain is the
ratio between the compression distance and the initial height
of aerogel. Three stages of deformation can be observed in the
loading stress-strain curve, which are typical behaviors of
porous monoliths, namely, a linear elastic region resulting
from the bending of the aerogel walls (stage 1); relatively flat
stress plateau resulting from the elastic buckling of the walls
(stage 2) and followed by an abrupt stress rise corresponding

to the densification of the cell walls (stage 3) [43,44]. To
explore the evolution of mechanical properties under load-
ing-unloading cycles, we tested our aerogels by progressively
increasing the maximum strains (from 20% to 80%). As shown
in Fig. 4(b), when the maximum strains increased in the suc-
cessive compressive loading-unloading cycles, the Young’s
modulus declined, accompanied by expansion of the linear
elastic regions. The stress plateau region firstly expands and
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then shrinks; the region with an abrupt increase in stress
emerges when the maximum strain exceeds ~60%. Such an
evolution of mechanical properties reflects changes to the
structure of the network upon compression cycling. Indeed,
during the compression with relatively low strain (<60%),
once stable nodes are formed through structural rearrange-
ment of cell walls, the aerogel can undergo large effective
compression strain just by rotations about such nodes
without inducing significant stress in the solid material itself.
Therefore, the aerogels show lower resistive stress and
Young’s modulus in the following compression cycles.
Fig. 4d presents the dependence of the stress (corresponding
to the maximum strains) and the aerogel density (inset) on
the concentration of the UNCT dispersion. At the low maxi-
mum strain (30%), the stress increases almost linearly with
concentration, while for the high maximum strain (80%),
the stress increases abruptly at a concentration of ~20 mg/
ml. Such an abrupt rise can be attributed to cell wall densifi-
cation, which is influenced by both the UNCT concentration
and the applied strain. The area enclosed by the loading-
unloading curve is a signature for the damping properties of
aerogels, and this indicates that our aerogel possesses excel-
lent energy dissipation capability. Such super resilience com-
bined with high damping capability is similar to the behavior
of viscoelastic polymer materials. For aerogels or foams, two
energy-loss mechanisms could possibly explain the damping
during compression cycles: (1) structural damping because of
snapping events, such as kinking or local sliding of UCNT. (2)
Friction between adjacent cell walls [45,46]. Since the emer-
gence of stage 3 marks the occurrence of densification of cell
walls [43,44], it is reasonable to conjecture that the friction
between cell walls in this stage should be much more severe
than the previous stages. Thus, we designed a loading-
unloading procedure to specifically test the mechanical
behaviors of stage 3 to further seek the mechanism of damp-
ing for our aerogel: the aerogel was firstly compressed to the
strain of 80% followed by unloading to the strain of 60%, and
then we performed cyclical loading-unloading in the strain
range of 60-80% (Inset in Fig. 4c). As can be seen from
Fig. 4c, the cycling curves are almost overlapping with small
hysteresis loops, from which we conclude that the friction
between cell walls during densification is negligible for energy
dissipation and the damping from snapping should be the
dominant factor for energy dissipation. Therefore, to enhance
the damping performance of aerogel, the structures and mor-
phologies of the cell walls but not the pores structures should
be focused on.

The unique structure of the aerogel also gives rise to supe-
rior electrical conductivity. The honeycomb structure of our
aerogel with the presence of the primary venations (leaf-like
sheet structure), ensures stable pathways for electron trans-
portation as well as mechanical stability. Indeed, the electri-
cal conductivity of our UCNT_1 aerogel with a density of
~5 mg/cm3 was measured to be 0.005S/cm, which is one
order higher than graphene aerogels fabricated via hydrother-
mal method, and three orders higher than polyvinyl alcohol
reinforced carbon nanotube aerogels [47,48]. The fatigue
piezoresistance testing process for aerogels (upon 4500 load-
ing/unloading cycles, in the strain range of 20% <& < 50%,
in a sinusoidal displacement mode with a frequency of

10 rad/s) can be seen in the video in the Supplementary Mate-
rials, and the testing results can be seen in Fig. 5a and b. The
response of the electrical conductivity of the aerogel is fairly
constant after the first 1000 cycles with maximum resistance
increase of only ~0.5% per cycle. The maximum electrical
resistance increases gradually from ~160 to ~210Q over
4500 cycles. As can be seen from Fig. S9, the microstructural
change of the aerogels after 4500 cycles is not significant.
Such stable piezoresistive performance under cyclic compres-
sion is remarkable for aerogels, and this is again resulted
from the unique morphology of our bio-inspired honeycomb
structure formed by leaf-like sheets.

4, Conclusions

In summary, we have developed macroscopic, multi-
functional, bio-inspired honeycomb aerogels with a leaf-like
structure, by combining the unidirectional ice template
method with NMGOS-TS nanocarbon complexes as building
blocks. The nanocarbon complexes are formed by oxidation
method, which unzip the whole MWCNT but only exfoliate
the outer MWCNT tubes. The combination of the NMGOS
with TS results in a unique hierarchical structure for the
nanocarbon complex, which not only endows the aerogels
with large specific surface area (>300 m?%g), but also high
mechanical damping and stable electrical properties upon
compression. These desirable multifunctional attributes
could enable many applications, such as piezoresistance
devices, supercapacitors and catalyst substrates.

Appendix A. Supplementary data
Supplementary data associated with this article can be found,

in the online version, at http://dx.doi.org/10.1016/j.carbon.
2014.05.068.
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