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We present a rational and general method to fabricate

a high-densely packed and aligned single-walled

carbon-nanotube (SWNT) material by using the zipping

effect of liquids to draw tubes together. This bulk

carbon-nanotube material retains the intrinsic properties

of individual SWNTs, such as high surface area, flexibility

and electrical conductivity. By controlling the fabrication

process, it is possible to fabricate a wide range of solids

in numerous shapes and structures. This dense SWNT

material is advantageous for numerous applications,

and here we demonstrate its use as flexible heaters

as well as supercapacitor electrodes for compact

energy-storage devices.

Acarbon nanotube (CNT) possesses excellent electrical1–3,
thermal4–6 and mechanical7–9 properties; however,
macroscopic forms of CNTs lose the intrinsic properties of

individual CNTs. To address this matter, various CNT forms have
been demonstrated ranging through fibres10–14, yarns15,16, mats17,
vertically aligned CNTs (forests)18–21, powders, pellets, foams22 and
sheets23. Each form has unique functionality, for example fibres
and yarns are highly durable10–16, CNT pellets are highly dense and
forests have a high surface area. Yet, it is difficult to simultaneously
retain the fundamental single-walled carbon-nanotube (SWNT)
properties, such as high surface area and electrical conductivity,
on a macroscopic scale, and have versatility in creating different
shapes. This stems from the fabrication processes, which can either
damage the tubes or are unable to control the configuration of the
tubes within the forms, or both. For example, pellets are brittle,
forests are fragile and fibres, yarns and sheets are limited to a
single shape.

Here, we present a new macroscopic bulk form of CNT
material, which we call the ‘SWNT solid’, in which aligned
SWNTs are densely packed while retaining the intrinsic properties
of SWNTs, such as high surface area, flexibility and electrical
conductivity. Importantly, the shape is engineerable by controlling
the fabrication process, which is beneficial for applications
spanning from 100% binder-free SWNT electrodes for capacitors
to flexible heaters.

Our approach to fabricate high-density SWNT bulk solid
exploits a liquid-induced collapse of SWNT forests (Fig. 1a).
Previous reports of liquid-induced densification of CNT material
have shown interesting morphologies formed from vertically
aligned multiwalled carbon-nanotube (MWNT) material or used
to strengthen and stiffen bucky paper or aligned MWNT sheets23–31.
Most of these reports used relatively short (1–60 μm) MWNT
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Figure 1 Liquid-induced collapse. a, SEM image of SWNT-forest structural collapse from a single drop of liquid. b, Schematic diagram of the collapse of the aligned
low-density as-grown forest (above) to the highly densely packed SWNT solid (below). c, Overlaid pictures illustrating the decrease in lateral dimensions before (grey) and
after (black) collapse. The double-ended arrow indicates the tube alignment direction. Scale bar, 1 cm. d, Raman spectra for as-grown forest (blue) and SWNT solid (red).
e, f, SEM images of the as-grown forest (e) and solid (f). g, Atomic force microscope image of solid surface.

forests still bound to the catalyst surface. As a result, pyramid-like
structures and cellular networks were observed, which resulted
from a combination of the tube length, stiffness and surface
adhesion. The important difference in this work is the use of
long (millimetre-scale) vertically aligned SWNTs that are removed
from the substrate as a single unit, uniformly densified and
engineered into basic shapes. As-grown SWNT forests are available
by advanced high-yield chemical vapour deposition growth, such
as water-assisted21, alcohol20 and remote-plasma chemical vapour
deposition32, of which water-assisted chemical vapour deposition

was used here. For forests used in this research, the typical mass
density was 0.03 g cm−3, where 97% is empty space and the average
SWNT diameter is 2.8 nm (ref. 33).

When liquids are introduced into the sparse as-grown SWNT
forest and dried, the surface tension of the liquids and the strong
van der Waals interactions effectively ‘zip’ the SWNTs together
to near-ideal graphitic spacing (Fig. 1b and Supplementary
Information Movie S1). This packing occurs in two steps: liquid
immersion and evaporation. In the first step, the tubes are drawn
together through liquid capillary forces and the forest decreases
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Figure 2 SWNT solid properties. a, Optical anisotropy in the graphic ‘G’-band by polarized Raman spectroscopy. b, Two-dimensional X-ray diffraction image normal to the
nanotube axis, showing the anisotropy of the (002) and close-packing peak (CP). Inset: Intensity profile at fixed 2θ as a function of θ for the CP peak. c, θ–2θ X-ray
diffraction profiles for two incident beam directions, perpendicular (blue) and parallel (red) to the tube alignment. d, Schematic illustration describing the two incident beam
directions against a solid. The (002) peak arises from ‘kissing points’ between neighbouring SWNTs, thus an aligned sample is expected to exhibit a strong signal for normal
incidence, whereas the (100) and (110) peaks both originate from the graphitic structure and would be dominant for parallel incidence. e, Adsorption (filled circles) and
desorption (open circles) isotherms for N2 at 77 K for SWNT solid (black), SBA-15 (blue) and as-grown forest (pink). f, Volumetric adsorption (filled circles) and desorption
(open circles) isotherms for N2 at 77 K for SWNT solid (black), SBA-15 (blue) and as-grown forest (pink).

by ∼20% in lateral dimension. On liquid evaporation, van der
Waals forces adhere the tubes near to ideal packing, transforming a
forest into a small and rigid single body as demonstrated in Fig. 1a,
where a 1×1 cm as-grown SWNT forest was contacted by a drop
of water in the middle and dried. With no controls, the contacted
region collapsed into a compact unit consisting of the tubes initially
present in the resultant void. Collapses were observed with all tested
liquids, including water, alcohols, acetone, hexane, cyclohexane,
dimethylformamide, liquid nitrogen, dioctyl ether, oleic acid and

several machine oils, demonstrating the generality of this approach.
Liquid-induced collapse shows a 4.5-fold decrease in the two lateral
dimensions but no detectable change in the height, producing a
∼20-fold increase in mass density (Fig. 1c). This indicates that
alignment of the as-grown forest is critical in triggering efficient
liquid-induced collapse (Fig. 1b), an understandable point because
the aligned nature provides an ideal condition for optimum van
der Waals overlap, leading to well-ordered packing of tubes and
structural soundness. Unlike the case in Fig. 1a, the as-grown
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Table 1 Comparative summary of structural and physical characteristics

Characteristic As grown Solid Ideal 2.8 nm solid

Density (g cm−3 ) 0.029 0.57 0.78
Tube density (tubes cm−2 ) 4.3×1011 8.3×1012 1.1×1013

Area per tube (nm2) 234 11.9 8.7
Lattice constant (nm) 16.4 3.7 3.2
SWNT volume occupancy (%) ∼2.6 52 72
Vickers hardness ∼0.1 7–10 –

forest material was removed from the substrate and completely
immersed into a liquid to provide uniform collapse. Significantly,
liquid-induced collapse is controllable to fabricate macroscopic-
size single-body SWNT solids as demonstrated here and in the
following, a feature substantially different from the sponge-like
foams made from liquid collapse of MWNTs26–29. Furthermore,
the zipping action proceeds without damaging the tubes, as
shown by the almost identical Raman spectra (Fig. 1d) before and
after collapse. We failed to fabricate such undistorted solids by
hydrostatic pressure without inducing damage to the tubes (see
Supplementary Information, Figs S1,S2).

Characterization demonstrates that the SWNTs are high-
densely packed. Scanning electron microscope (SEM) images of
forest (Fig. 1e) and SWNT-solid (Fig. 1f) surfaces (side-view) show
marked differences in the apparent density, where numerous inter-
tube gaps in forests are not observed. The density is such as
to allow atomic force microscopy imaging, showing a smooth
and highly uniform surface without gaps (Fig. 1g). By direct
mass and size measurements, the density was roughly estimated
to be 0.55 g cm−3. An independent estimation measuring the
attenuation of a normally incident X-ray beam found the density
to be 0.57 g cm−3. These numbers are comparable to that of
activated carbon. The lattice constant of the solid material (that
is, the distance between axes of adjacent tubes, assuming a two-
dimensional hexagonal packing model) was determined to be
3.7 nm from the mass density and mean tube diameter of 2.8 nm
(Fig. 2d). This represents a tube-to-tube spacing of 0.9 nm and 72%
ideal packing when compared with ideally packed 2.8 nm SWNTs
with graphitic spacing of 0.34 nm. SWNT number density was
calculated as 8.3×1012 tubes cm−2, and the initial 97% empty space
in forests reduced to ∼50%. The inter-tube and inner-tube volumes
are equivalent. The Vickers hardness of the SWNT solid increases
over 70-fold to 7–10, which is comparable to that of highly oriented
pyrolytic graphite (physical characterizations are summarized in
Table 1). The above characterization highlights the solidness and
unity of the liquid-induced collapsed material, and thus we call this
form an SWNT ‘solid’.

SWNT-alignment characterization in the solid with polarized
Raman spectroscopy (Fig. 2a) showed a 6.8 optical anisotropy ratio
of the graphitic ‘G’-band intensity (strongest when parallel to the
alignment direction), which is comparable to or higher than other
aligned CNT forms34,35 and identical to the as-grown forest. Two-
dimensional X-ray diffraction (XRD) on a 250-μm-wide, 550-μm-
tall solid sample (Fig. 2b) showed anisotropy of the (002) and
the close-packed (CP) peaks (see the Supplementary Information).
Although unobservable for an individual SWNT, the (002) arises
from the ‘kissing’ of adjacent SWNTs in a collection of SWNTs.
The relatively broad (002) reflection is centred at 2θ = 25.5◦,
which corresponds to a d spacing of 0.35 nm (consistent with
graphitically spaced CNTs). The broadness of the peak reflects
the imperfect long-range order of the SWNT sample. Statistically,
isotropic alignment would result in a circular (002) appearance;
therefore, the observed strong anisotropy indicates significant
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Figure 3 Engineerable shape. a, SEM image of an array of lithographically
designed solid needles. Scale bar, 100μm. Inset: Magnified individual needle.
Scale bar, 60μm. b, SEM image of a ‘microvolcano’. Scale bar, 250μm.
Inset: ‘Microvolcano’ before collapse. c, Array of ‘microvolcano’ structures.
Scale bar 300μm. d, Split SEM image of base (left) and tip (right) liquid contact.
Scale bar, 200μm. e, SWNT solid engineered into a rigid ‘bar’. Scale bar, 1 cm.
Inset: Photograph of the as-grown forest. f, Flexible SWNT solid engineered into a
flattened sheet adhered to a copper sheet. Scale bar, 1 cm. g, I–V characteristics of
the SWNT solid sheet (blue), pressed as-grown SWNT forest (black) and copper
(red). h, Water droplet on SWNT solid sheet surface. Scale bar 1mm. In e and f the
double-ended arrows indicate tube alignment.

alignment. Order-parameter determination36,37 of the (002) peak
profile gave a value of 0.72, which quantitatively illustrates the
uniform alignment of the ‘kissing points’ throughout the sample.
θ–2θ XRD measurement on a 1 mm2 sample similarly showed
strong anisotropies in the (002), (100) and (110) peaks (Fig. 2c,d).
Whereas the CP and (002) peaks arise from the dense packing, the
(100) and (110) peaks originate from the graphene character of the
CNTs. In addition, the CP peak profile (Fig. 2b, inset) was clearly
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Figure 4 Applications. a,b, Cyclic voltammograms of the EDLC using the SWNT
solid sheet (red) and as-grown forest (black) as electrodes comparing the
capacitance per weight (a) and capacitance per volume (b). c, Change in the
capacitance per volume using the SWNT solid sheet (red) and as-grown forest
(black). d, Schematic model comparing the ion diffusion for activated carbon and the
SWNT solid material. e, Capacitance versus discharge current density comparing
SWNT solid (red) and activated carbon (blue) for 0.1 and 0.5 mm electrode
thicknesses (dashed and solid lines, respectively). f, Potential drop associated with
an increase in internal resistance (IR drop) for SWNT solid (red) and activated carbon
(blue) for 0.1 and 0.5 mm electrode thicknesses (dashed and solid
lines, respectively).

observable, from which the order parameter was determined to be
0.62. This value is particularly encouraging, because the anisotropy
of the peak is weakened from the broad diameter distribution (see
the Supplementary Information), and therefore we consider this a
lower limit for the CP order parameter. These results confirm long-
range bulk alignment throughout the solid, a matter of importance
in exploiting the true one-dimensional nature of CNTs in real
applications. This anisotropy would not be observable in a truly
isotropic collection of CNTs, such as a macroscopic aggregation
of bundles.

Significantly, the SWNT solid possesses a high surface area
almost identical to the as-grown forest despite the highly dense
packing of SWNTs, meaning a considerable increase in the
volumetric adsorption density, an indicator of surface area per unit
volume. The estimated Brunauer–Emmett–Teller (BET) surface

area for the solid, as determined from nitrogen adsorption
isotherms (Fig. 2e), was 1,000 m2 g−1, being similar to that of
as-grown SWNTs. Despite the dramatically decreased inter-tube
spacing, the average tube separation (∼0.9 nm) is sufficient to allow
for full monolayer coverage on adjacent nanotubes, thus retaining
its surface area (see the Supplementary Information, Fig. S3). These
surface-area values are much higher than that measured for closed
HiPco samples (520 m2 g−1 (ref. 38)). The volumetric adsorption
density jumps 20-fold compared with the as-grown forest (Fig. 2f).
Furthermore, SWNT solids have a comparable or superior surface
area and volumetric adsorption density to SBA-15, a standard
mesoporous silica material39–41, with the additional advantage of
consisting of a single unit rather than micrometre-sized grains.

The SWNT-solid concept can be extended to create a variety
of unique solid structures from as-grown forest material with
diverse shapes by controlling parameters that influence the collapse
process, such as forest aspect ratio, initial liquid contact point and
substrate–forest interaction. For example, lithographically defined
as-grown SWNT circular pillars21 with high aspect ratio collapsed
from the tip create well-defined and patterned SWNT solid needles
with high aspect ratio (Fig. 3a and inset). In contrast, low-aspect-
ratio SWNT circular pillars (Fig. 3b, inset) with strong substrate
interaction collapsed from the surface edge result in a vastly
different structure, resembling a ‘microvolcano’ (Fig. 3b,c). The
peripheral collapse draws nanotubes radially outward from within
the pillars, thus creating a cavity. Figure 3d is a split image, showing
the result of liquid contact from the base (creating a volcano) or
from the tip (creating a closed stalagmite-like structure). These two
examples illustrate how the collapse process can be manipulated to
design unique high-density SWNT structures possessing the benefit
of being both mechanically and electrically durable.

Another approach to extend our ability to engineer the shape
of the solid is to use moderate external forces, such as very light
pressure, to direct the direction of the collapse. For example,
applying light pressure in one lateral direction suppresses collapse
in one lateral dimension and creates a bar (Fig. 3e). Similar
application of light pressure at a shearing angle to the alignment
induces a vertical collapse, without any collapse in either of the
lateral dimensions, which results in a solid sheet (Fig. 3f). A clip
is enough to direct the collapse process (see the Supplementary
Information, Fig. S4). Because the SWNTs are directed to lie flat;
the solid sheets maintain a comparable degree of alignment of the
forest, and the direction of alignment is controllable by changing
the direction of pressure. This approach is easily extendable to
fabricate strongly adhered solid sheets on desired flat substrates
without the use of bonding agents by simply transferring the forest
onto a target substrate and implementing the collapse process.
Figure 3f shows an example of a 1 mm tall, 1×1 cm forest collapsed
into a 1 × 1 cm, optically flat solid sheet with a height less than
100 μm strongly adhered on a copper contact, a form useful
for multiple applications, for example an ideal 100% binder-
free SWNT electrode for supercapacitors. Moreover, advanced
control of the shape is possible by combining lateral and vertical
collapse to fabricate solids with arbitrary dimensions; for example,
it is possible to generate a solid sheet with a height of 500 μm
but with smaller lateral size from the same forest as mentioned
above. Note that the applied pressure is extremely weak, and thus
does not damage the SWNTs, as shown by the almost identical
Raman spectra of the solids and forests (see the Supplementary
Information, Fig. S1). The ability to engineer the shapes of solids
is beneficial for a multitude of applications requiring high-surface-
area, high-density, aligned, conducting and flexible or rigid CNT
material, as demonstrated in the following.

Whereas the SWNT solid in a bulk form, as seen in Fig. 1c,
exhibits brittle behaviour just as in other bulk forms of CNTs,
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the engineered solid in the form of an aligned sheet showed
no observable change in conductivity as the radius of curvature
was reduced below 100 μm (see the Supplementary Information,
Fig. S5) and showed exceptional non-brittle behaviour when
the radius of curvature was reduced below 35 μm (see the
Supplementary Information, Fig. S5).

The conductivity of the solid sheets was examined on samples
where a 1 × 1 cm solid sheet with 100 μm height was sandwiched
between metal contacts, and compared with the conductivity of
forests pressed with the same pressure without liquid and copper
sheets attached together (Fig. 3g). The I–V characteristics of
the solid sheet show ohmic behaviour with resistance less than
1 �. Measurements clearly show superior conductance of solid
sheets compared with pressed forests, highlighting the importance
of liquid-induced high-density packing. Four-point resistance
measurements of 50-μm-thick aligned SWNT solid sheets both
parallel and perpendicular to the alignment direction showed
sheet resistances of 1.74 and 2.61 � per square, respectively.
Curiously, the electronic anisotropy is less than the measured
structural anisotropy, a point that requires future efforts to clarify.
Furthermore, whereas the SWNT solid in Fig. 1a was made from
forest immersed into water, once collapsed the solid exhibits an
entirely different affinity towards water (Fig. 3h). A water droplet
on the solid made a high contact angle (>140◦) and did not infuse
before evaporating, highlighting the difference between SWNT
solid and as-grown forest.

To demonstrate the use of the flexibility and conductivity of
solid sheets, we made a flexible heater from a patterned solid sheet
coated with a polyimide film (see the Supplementary Information,
Fig. S6). The effective resistance was increased to 1.5 k� by
lengthening the heating element through a zigzag pattern and by
aligning the nanotubes perpendicular to the zigzag direction. The
heater delivered power in excess of 15 W for over 60 min without
degradation and could boil water in less than 5 min (see the
Supplementary Information, Movie S2).

Having a high surface area in a small volume is desirable for
compact energy storage. Because of their high surface area, excellent
conductivity and crystallinity, SWNTs are potential candidates as
electrodes for supercapacitors42. To demonstrate the potential of the
SWNT solid in this direction, we constructed two-electrode electric
double-layer capacitor (EDLC) cells with solid sheets and forests
(for comparison) as the active materials with tetraethylammonium
tetrafluoroborate (Et4NBF4)/propylene carbonate electrolyte and
measured their electrochemical properties. The respective SWNT
materials were sandwiched between Pt sheets (current collector)
and Pt meshes. As the drying process is crucial to the densification
process, no significant electrolyte-driven densification of the
SWNT forests was observed. Conversely, occasionally a slight
expansion of the SWNT solid was observed, particularly when
operated at high voltages. In these systems, the capacitance
of the cell can be estimated from the enclosed volume of
the cyclic voltammograms. Cyclic voltammograms of the solid
sheet and forest cells (Fig. 4a) were very similar, meaning the
two materials have nearly the same capacitance per weight
(difference ∼15%), and also correspond to the similar BET
surface areas discussed earlier. Considering the density difference
of these two materials, capacitors using SWNT solid electrodes
have a significantly higher capacitance per volume, as shown
in Fig. 4b. This aspect is vital for the use of supercapacitors in
confined spaces, for example, mobile phones. The capacitance
of the SWNT solid EDLC was estimated as 20 F g−1 from the
discharge curves of cells charged at 2.5 V for a two-electrode
cell, and corresponds to 80 F g−1 for a three-electrode cell. This
is roughly twice the capacitance of 45 F g−1 reported for HiPco
SWNT three-electrode cells, and agrees with the difference in

their BET surface areas. The energy density (W = CV 2/2) was
estimated to be 69.4 W h kg−1 (from 80 F g−1) when normalized
to the single electrode weight, which is higher than those of
CNT-based supercapacitors previously reported by Niu et al.43

(approximately 0.5 W h kg−1), Du et al.44 (11 W h kg−1) and
Xu et al.45 (49 W h kg−1).

We further illustrate that SWNT solids serve as excellent
electrodes for compact high-power-density cells. To this end, we
studied the rate performance of SWNT solid and SWNT forest
cells shown in Fig. 4c as plots of capacitances per volume versus
the discharge current density. These plots show the capacitance
decrease at increased power operation (high discharge current
density). Whereas the SWNT solid EDLC consistently exhibited a
higher capacitance per volume at increased power operation than
its as-grown counterpart, the capacitance per volume of the SWNT
solid gradually decreased with increased operating power (the as-
grown EDLC showed little change). Because the electrolyte ions
must diffuse through the pores of interstitial regions within the
SWNT packing structure (Fig. 4d), ion accessibility is limited in the
inner region of the solids on the relevant timescale. When operated
at high current (high power), ion diffusivity becomes a limiting
factor because regions where ions fail to diffuse increase, which
results in a decrease in capacitance.

Ion diffusivity plays a key factor to realize compact
supercapacitors with high energy density and high power density.
To demonstrate these strengths of SWNT solid EDLCs, we built
capacitor cells with electrodes with different thicknesses from solid
sheets and activated carbon (for comparison). For activated carbon,
thicker electrodes possess higher ion diffusion barriers in the
inner region of the electrode (Fig. 4d), resulting in higher internal
resistance and inferior high-power performance. This factor limits
the practical thickness of activated carbon electrodes. In contrast,
thick electrodes are advantageous to increase the energy density
because in such cells the active material can occupy high ratios of
the volume and weight. Thus, ideally a thick electrode that both
possesses high capacitance and is operable at high power is desired.
From the discharge curves, the capacitances normalized to a single
electrode weight and the potential drop associated with an increase
in internal resistance of SWNT solid and activated carbon cells
with electrodes with two different thicknesses (100 and 500 μm)
were estimated, and their dependences on discharge current density
(operating power) were plotted (Fig. 4e,f, respectively). Generally,
cells with thicker electrodes showed inferior performance, such
as increase of the internal resistances and smaller capacitances at
high current. When compared with activated carbon cells, the
SWNT solid cells showed higher capacitance, less capacitance
drop at high power operation and better performance for thick
electrodes. The superior characteristics of SWNT solid cells
are highlighted by the performance difference in 500-μm-thick
electrodes, where the activated-carbon-based electrode failed
to operate as a capacitor. Superior electrochemical properties
of solid sheets originate from better ion diffusivity of aligned
SWNT material than activated carbon. We believe the superior ion
diffusivity of SWNT solids stems from the aligned pore structures
compared with activated carbon (Fig. 4d). From the potential drop
associated with an increase in internal resistance of Fig. 4f, the
maximum power density of the electrodes of SWNT solid and
activated carbon cells (thickness 100 μm/500 μm) were calculated
as 43.3 kW kg−1/24 kW kg−1 and 31.2 kW kg−1/12 kW kg−1,
respectively. Despite the use of thicker electrode material, the
power densities for the SWNT solid capacitor were higher than
or comparable to those for previously reported CNT-based
supercapacitors that use an electrolyte solution of higher ion
conductivity43,44. Taken together, these results demonstrate that
the SWNT solid is an excellent material for compact, high-power
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delivery and high-energy-density storage, and we believe that
it would be an ideal candidate for the active material of next-
generation supercapacitors.

In summary, our studies have outlined a general and
rational strategy to fabricate an aligned high-densely packed
SWNT solid material by using the zipping effect of liquids
to draw nanotubes together. These studies represent substantial
progress towards producing macroscopic-scale high-density SWNT
material engineered in both shape and structure, opening diverse
functionality that is advantageous for numerous applications,
such as energy storage. Our approach is unique from other
existing processes to make CNT forms, for example those that use
dispersion solutions, because the nanotubes are not harmed and
thus the properties of SWNTs are retained in the macroscopic-
scale material. By using various techniques to assist the collapse
process, it is possible to fabricate a variety of solids spanning rods,
needles and sheets. We believe that our approach can be extended
further to make new and sophisticated CNT forms by using more
complex SWNT forests or introducing different materials into the
system. Future work on the basis of the synthesis of SWNT forest
on metal foils46 should open the possibility for the continuous
growth of SWNT forests and provide a scalable route for fabricating
continuous solid sheets. These advances may extend the frontier of
CNT research and open up new paths to accelerate development
of applications.

METHODS

SYNTHESIS

SWNTs were synthesized in a 1 inch tube furnace by water-assisted chemical
vapour deposition21, ‘supergrowth’ at 750 ◦C with a C2H4 carbon source and
an Al2O3 (10 nm)/Fe (1 nm) thin-film catalyst on silicon wafers. We used He
with H2 as the carrier gas (total flow 1,000 standard cubic centimetres per
minute (s.c.c.m.)) at 1 atm with a controlled amount of water vapour
(concentration 100 p.p.m. to 150 p.p.m.). Growth was performed at 750 ◦C
with ethylene (100 s.c.c.m.) for 10 min.

LIQUID-INDUCED SWNT-FOREST COLLAPSE

We typically carried out collapse of as-grown forests using a highly diluted ethyl
alcohol solution. Depending on the desired purpose, we removed forests from
the catalytic surfaces and placed them into a small beaker containing the alcohol
solution, where the collapse process began. As the liquid enters the inter-tube
regions, a noticeable decrease in the physical dimensions occurs, after which the
forests sink. At that time, we remove them from the solution and allow them to
dry on a clean silicon surface, where the final stage of the collapse occurs.

RAMAN SPECTROSCOPY

Raman spectroscopy was done using a thermo-electron Raman spectrometer
with 532 nm excitation wavelength.

HARDNESS MEASUREMENT

We used a Matsuzawa Seiki microhardness tester (μ = 0.001 mm) with loads
ranging from 10 to 100 g and a dwell time of 10–30 s. Hardness testing both
parallel and perpendicular to the nanotube alignment direction showed little
difference, yet as expected the high-densely packed SWNT material showed
much higher elastic compliance perpendicular to the alignment.

X-RAY DIFFRACTION

Two-dimensional XRD imaging was carried out on a Bruker SMART CCD
(charge-coupled device) area-detector diffractometer (rotating unit) using a
Mo-Kα X-ray source (0.71073 Å) at a total power of 4.5 kW. The
sample–detector distance was 5.968 cm and the CCD detector has dimensions
of 6.1×6.1 cm. During measurement, we rotated the cylindrically symmetric
sample about its symmetry axis during data acquisition.

We carried out θ–2θ XRD using a Rigaku X-ray diffractometer with a
Cu-Kα X-ray source at a total power of 15 kW. We used solid samples in the
shape of a rectangular parallelepiped with the dimensions 1×1× ∼ 2.4 mm,
with the alignment direction along one of the short-dimension directions. We

affixed the sample to a mount to allow for rotation about its long axis.
Small-angle XRD scans exhibited a broad peak corresponding to a d spacing of
4.4 nm, which we suspect corresponds loosely to the close packing of the
SWNTs. With the detector fixed at this 2θ position, we measured the intensity
profile as the sample was rotated about its axis θ (Fig. 2b, inset).

Order-parameter determination was made using a standard formulation,
as defined by

f ≡ 1

2

(
3
〈
cos2 θ

〉−1
)

where
〈
cos2 θ

〉 =
∫ π/2

0 I(θ)cos2 θsinθdθ
∫ π/2

0 I(θ)sinθdθ
,

I is the signal intensity as a function of θ and θ is the angle between the
structural unit vector and the reference direction35,36.

DENSITY DETERMINATION

We estimated the density by attenuation of a normally incident
500-μm-diameter X-ray beam, following the relation Ix = I0e−(μ/ρ)ρx , where Ix

is the transmitted X-ray intensity through a distance x, I0 is the incident
intensity, x is the thickness of the sample; we define μ/ρ as the mass
absorption coefficient, which is a constant of the material and independent of
the physical state, and ρ is the mass density. The value for μ/ρ was determined
by X-ray attenuation through a highly oriented pyrolytic graphite sample of
known density and thickness and was similar to values found in the literature47.

SURFACE-AREA MEASUREMENT

The BET surface area was estimated from nitrogen adsorption isotherms at
77 K for 50 mg SWNT solid samples using a BEL Japan: BELSORP Mini II
surface-area and pore-size analysis system.

CYCLIC VOLTAMMETRY

After vacuum heating of the SWNT material, we assembled the two-electrode
supercapacitors on a Pt current collector in a dry argon environment by
sandwiching two SWNT solid-sheet samples separated by a non-conducting
porous glass filter and immersed into a 1 M Et4NBF4/propylene carbonate
electrolyte (Tomiyama Pure Chemical). We obtained electrochemical
characteristics of the solid-sheet-material electrodes by cyclic voltammetry
(1 mV s−1) from 0 to 2.5 V (VMP2, Princeton Applied Research) and by
galvanostatic charge/discharge (50–20,000 mA g−1).

We used commercially available activated carbons for the EDLC, YP17
(Kuraray), for comparison. We prepared the electrode sheets of YP17 with the
thickness of approximately 100 μm by mixing and kneading with 10 wt% Teflon
binder and carbon black and then hot-pressing on a Pt current collector.
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