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Potassium vapor was used to longitudinally split vertically aligned multiwalled carbon nanotubes carpets (VA-CNTs). The resulting structures have a carpet
of partially split MWCNTSs and graphene nanoribbons (GNRs). The split structures were characterized by scanning electron microscopy, transmission electron
microscopy, atomic force microscopy, Raman spectroscopy and X-ray photoelectron spectroscopy. When compared to the original VA-CNTs carpet, the split
VA-CNTs carpet has enhanced electrochemical performance with better specific capacitance in a supercapacitor. Furthermore, the split VA-CNTs carpet has
excellent cyclability as a supercapacitor electrode material. There is a measured maximum power density of 103 kW/kg at an energy density of 5.2 Wh/kg
and a maximum energy density of 9.4 Wh/kg. The superior electrochemical performances of the split VA-CNTs can be attributed to the increased surface
area for ion accessibility after splitting, and the lasting conductivity of the structure with their vertical conductive paths based on the preserved GNR

alignment.
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arbon nanotubes (CNTs) are materi-
C als that are desirable to integrate into

many applications due to their high
mechanical strength, high electrical and
thermal conductivity as well as reasonable
specific surface area.' Graphene nanorib-
bons (GNRs) can be formed from the tubular
CNT structures through longitudinal split-
ting and flattening. In this way, the dimen-
sions of the GNRs can be predetermined
by the initial CNT length and diameter.
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While there are lithographic® and chemical
methods® for making GNRs, the reductive
splitting techniques hold the potential for
consistent production of GNRs. Splitting
methods include partial etching with Ar
plasma,” Li atom intercalation,® abrupt ther-
mal expansion,® nanoparticle cutting” and
electrical unwrapping of MWCNTs2 A re-
cent study by Dai’ realized a partial splitting
of few-walled nanotubes, which exhibit
catalytic activity for oxygen reduction.
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A potentially scalable technique for making graphene
oxide nanoribbons from longitudinal splitting of
MWCNTs through chemical oxidation is available."
MW(CNTSs can also be reductively split using potassium
vapor'! or liquid Na/K alloy,”* ' an advantage be-
cause the split product is free of oxidative defects and
in situ functionalization can be done. To date, the nano-
tube materials for bulk-scale unzipping or splitting are
usually in a randomly dispersed solid powder or col-
loidal suspension form. A few studies have been done
on the splitting behavior of a predefined nanotube
array in a nanotube electronic device'” or horizontally
aligned arrangement.’® An important highly ordered
assembled form of CNTs is a carpet vertically grown on
a substrate. The vertically aligned CNTs (VA-CNTs) offer
high surface area, simple growth by a well-developed
chemical vapor deposition method and good structural
control by adjustment of the growth parameters.
Therefore, VA-CNTs are potential candidates for energy
storage electrodes,'” field emitters'® and transparent
films.'® Recently, the splitting of aligned MWCNT sheets
has been applied to GNR yarn spinning.?° However,
there are no other reports of the unzipping or splitting of
VA-CNT arrays. Splitting the VA-CNTs while maintaining
the vertically integrity of the VA-CNT starting material
should further increase the accessible surface area, thus
facilitating various device fabrications.

As energy storage materials, a supercapacitor is
known for its high-power density and long-cycled
lifetime,?' desirable characteristics in automotive and
portable energy-storage media that complement bat-
teries and regenerative energy applications.?> CNTs are
candidates for the electrodes in supercapacitors due to
their high surface area, excellent conductivity and
chemical inertness. For making electrochemical super-
capacitors, the VA-CNT array appears to be advanta-
geous over both randomly deposited CNT networks?>
and the commercially used activated carbon capaci-
tors, in terms of its regular pore structure and straight
conductive paths that can provide good ion accessi-
bility, fast ion diffusion and high rate-tolerant capaci-
tance.2* VA-CNT carpets have been grown on conductive
substrates®* 2 or transferred onto metallic substrates®® >’
to be employed in carbon-based supercapacitors. In
comparison to batteries, the major drawback of the
supercapacitors is the relatively low energy densities.
The maximum storage energy is given by CV%/2, where
C is the capacitance and V is the potential window. One
strategy to enhance the energy density is through enlarg-
ing the operating voltage range by using an organic-
based electrolyte 3 The VA-CNT carpet provides another
possible route to boost the energy density by increasing
the capacitance.

Here, we demonstrate the splitting of VA-CNTs with
preservation of vertical integrity to produce a mixture
of split MWCNTSs and GNRs. Potassium vapor intercala-
tion and subsequent solvent quenching produced the
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Figure 1. Process for splitting a VA-CNT carpet and SEM
characterization. (a) Schematic illustration of splitting VA-
CNT carpet by potassium atom intercalation and subse-
quent splitting. The middle layer in light pink represents the
AlL,O; and Fe film, and the bottom layer in light gray
represents the SiO, substrate. (b and c) SEM images of the
VA-CNT carpets before and after splitting, respectively, at
low magnification. (d and e) SEM images of the VA-CNT
carpets before and after splitting, respectively, at higher
magnification.

split VA-CNTs. Partially split regions were formed due
to the reaction of the outer MWCNT layers while the
inner few-walled nanotubes did not react. The work
here combines the concept of splitting the VA-CNT
carpet with an improvement in ion accessibility due to
the opening of the side-walls. The largely opened
spaces and the aligned vertical structure can not only
increase the effective surface area for the ions, but also
provides easily accessible paths for fast ion transport.
The intact inner few-walled nanotubes serve as con-
ductors for charge transport. These advantages lead
to the better electrochemical performance of split
VA-CNT carpets when compared to the as-prepared
VA-CNT in terms of the supercapacitor specific capaci-
tance and power density. In addition, the free-standing
split VA-CNT carpet was used in dual functions, as both
an electrode and a current collector, thus avoiding the
need for another metallic current collector. This sim-
plifies the device fabrication process and makes the
split VA-CNTs candidates for use in lightweight energy
storage devices.

RESULTS AND DISCUSSION

Figure 1a is a scheme of the VA-CNT carpet splitting
process, during which the potassium vapor intercala-
tion reaction is conducted for 48 h at 450 °C. After the
reaction, ethyl ether was added to cover the product,
followed by the addition of methanol to quench the
reaction. Scanning electron microscopy (SEM) images
of the VA-CNT carpet before and after splitting are
shown in Figure 1b—e. Figure 1b,c shows that the
vertically aligned structure was preserved after split-
ting. Figure 1d shows that in the as-grown VA-CNT
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carpet, the individual nanotubes were densely packed
and vertically aligned. There are few disordered bun-
dles contained in the as-grown sample. Moreover, the
MWCNTs were quite straight with aligned pores, a
property that could be beneficial for the introduction
and transport of electrolyte ions when compared to
the tortuous pore structure in activated carbon.>® After
splitting, as shown in Figure 1e, the nanotubes become
flattened along their entire length and the widths
have widened due to the transformation from CNTs
to partially split CNTs and GNRs. The magnified SEM
images that confirm the split structures are shown in
Figure S1a,b. The vast majority of the split CNTs main-
tain their vertical alignment, and the aligned spaces
among the CNTs are narrowed due to partial splitting
or complete GNR formation. Some of the small-
diameter CNTs that lost alignment are still intact and
kept their cylindrical shape. The preservation of the
vertical integrity of the split CNTs and GNRs can be
attributed to the strong van der Waals interactions
among the nanostructures. However, careful handling
of the split sample was required during the washing
procedure (Methods). To maintain the vertical struc-
ture of the product, the split VA-CNTs were not treated
with sonication in chlorosulfonic acid, in contrast to
prior work."

Transmission electron microscopy (TEM) images of
individual MWCNTs from VA-CNTs before and after
splitting are shown in Figure 2. Figure 2a shows an
individual MWCNT before splitting which has a hollow
and cylindrical inner canal with typically 8—10 walls
and an average width of ~10 nm. After splitting, the
widths of the resulting GNRs became larger, > 20 nm
(Figure 2b—d). As can be seen in Figure 2b,c, partial
splitting occurred on the outer walls, forming GNRs
outside the intact inner tubes, of which about 4—5
walls remain. The partial splitting may be due to the
higher crystallinity of the inner walls when compared
to the outer walls. Therefore, potassium atoms may
only insert into the interstitial spaces of the outermost
walls of the MWCNTSs. Solvation of potassium ions and
the hydrogen gas evolution induced by the methanol
quenching could then initiate the exfoliation around
the intercalated potassium and the splitting would
propagate longitudinally."’ The outer GNRs formed a
uniform coating on the outside of the inner tubes
(Figure S1c). However, the crystalline structure could
be destroyed in part by quenching;** therefore, after
deintercalation and splitting, the outer graphitic layer
can form short-range disordered graphene layers
(Figure 2b,c and Figure S1d). The occasionaly observed
partial separation of the inner tubes (Figure 2cand S1d)
could be attributed to the vigorous bath sonica-
tion treatment during the TEM sample preparation.
The inner tubes are unlikely split under these con-
ditions,® probably due to the high graphitic crystallinity
of the inner few-walled nanotubes (single-walled,
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Figure 2. TEM characterizations of nanotubes from the VA-
CNT carpet before and after splitting. (a) TEM image of an
as-prepared MWCNT from a VA-CNT carpet. (b—d) TEM
images of MWCNTs from a VA-CNT array after splitting.
(b and c) The partial splitting in which the GNRs formed by
the splitting are outside the inner intact tubes. (d) A MWCNT
entirely split into a layer of GNRs exhibiting a herringbone-
like edge structure when viewed by TEM."

double-walled or triple-walled nanotubes), although
single-walled carbon nanotubes (SWCNTSs) can react
with potassium under some circumstances.>>>® Split-
ting over the entire length can also be observed,
portions of which are shown in Figure 2d and Figure S1e,
which show that the herringbone-like graphitic walls
are formed via splitting the straight walls of the original
tube along its long axis. Therefore, we can observe that
some nanotubes are GNR-wrapped, along with incom-
plete nanotrough-like split lines along their longitudi-
nal directions (Figure S1a). There may not be enough
driving force for the tips of the cleft to expand due
to the large van der Waals interaction between
the side-walls and the intrinsic curling structure of
the nanotubes. Also, the deintercalation of the metal
atoms could result in slowing and prevention of the
splitting.%”

Water etching is usually employed to remove the
amorphous carbon that is attached to the outermost
wall of a nanotube.'® Therefore, the split VA-CNT carpet
was subjected to high-temperature water etching at
900 °C for 0.5 h. Figure S1f shows that the uniform
coatings on the outer walls are intact, indicating they
are formed by reaction between the outer MWCNT
layers and potassium vapor followed by splitting in-
stead of being amorphous carbon that was physi-
sorbed during the VA-CNT growth process.

Atomic force microscopy (AFM) (Figure 3) character-
ization was also carried out to demonstrate the struc-
tural change after splitting the VA-CNTs. The AFM
samples were bath sonicated to form a dispersed
solution, followed by spin-coating the sample on top
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Figure 3. AFM characterization of an individual nanostructure from the VA-CNT carpet before and after splitting. (a and b)
Tapping mode AFM height images of MWCNTSs before and after splitting, respectively. (c and d) Height measurement profiles
corresponded to the red and green triangle markers on the crossing lines in (a) and (b). The different heights measured from
two different sections in (b) suggest the stacking of two superimposed split ribbon stacks.

of the SiO, wafer. Figure 3a,c indicates that the nano-
tube has a height measurement of ~7 nm, which is the
typical height for these MWCNTs, consistent with the
diameter measurement from TEM. Figure 3b shows a
ribbon-like structure with several layers on a partially
stacked assembly with increased width. This indicates
that even though the tube walls have been fully split
into GNRs, the strong van der Waals interaction keeps
them from exfoliating during the sample preparation
(Figure S2). In another region, an extracted split inner
tube can be observed in the AFM image (Figure S3a,b).
Interestingly, a splitting line is clearly observed on top
of the nanotube, as indicated in the three-dimensional
AFM image (Figure S3c), in analogy to the longitudinal
splitting of a rubber hose that does not entirely flatten.

Figure 4 shows the Raman and X-ray photoelectron
spectroscopy (XPS) spectra that were obtained to
further show the structural changes after splitting. As
shown in Figure 4a, there is little change in the G/D
ratio, which is related to the structural continuity of the
nanotubes, indicating that the splitting process intro-
duces little damage to the nanotube quality apart from
the split. The disordered structure caused by the split-
ting and exfoliation is shown by the broadening of the
G and 2D band as well as the combination mode D+G
band in the Raman spectra of the split sample.'"*®

ZHANG ET AL.

Compared to the previous study,'" higher temperature
(450 °C) and longer duration (48 h) for intercalation of
potassium were used in this work. This resulted in more
disordered structures of the split sample than the split
MWCNT made in the previous work, which were
treated at 250—350 °C and for 14 h."" As can be seen
in Figure 4b, the lack of K signal in the XPS spectra of
the split product indicates that the oxygen did not
come from residual methoxide.” The slight increase in
oxygen signal after the splitting can be attributed to
physisorbed oxygen. Furthermore, the absence of
signals at 286 and 287 eV, corresponding to C—0O
and C=O0 (Figure S4), further confirm that no oxidation
occurred during the splitting process.

To demonstrate the advantages of the split VA-CNT
carpet over unsplit VA-CNTs in terms of potential
applications, the electrochemical supercapacitor per-
formance of the unsplit and split VA-CNTs were com-
pared. Figure S5a is the scheme of the fabricated
supercapacitor device using the VA-CNT or split VA-
CNT carpet. A free-standing split VA-CNT carpet film
after wet-etching the substrate is also shown in the
image. The area of the free-standing VA-CNT carpet
film electrode is 0.2 cm?®. Both of the VA-CNT films
before and after splitting maintain their complete
structure and can be easily handled by tweezers,
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Figure 4. Raman and XPS characterization. (a) Raman spectra of the VA-CNT carpets before and after splitting. (b) XPS spectra

of the VA-CNT carpets before and after splitting.

facilitating their transfer onto the backing plate of the
supercapacitor device. The CNT film was used as both
the electrode material and the current collector. The
CNT films were assembled onto the separator with the
electrolyte solution and then sandwiched by the two
stainless steel backing plates to complete the assembly
of the system.3**° Unlike the direct employment of
metallic substrates for growing the current collector,
we obtained the free-standing VA-CNT carpet by dis-
solving the substrate from the carpet using acid. This
avoids a potential problem of the substrate suffering
from instability in the electrolyte environment during
long-term cycling. By using the free-standing VA-CNT
carpet as both the electrode and current collector, the
device fabrication process was simplified. It is reported
that avoiding the use of the metallic current collector
will increase the potential distribution across the thick-
ness direction of the CNT electrode, thus lowering the
capacitance.® However, the lack of an extra current
collector can maximize the overall energy and power
density.

Cyclic voltammetry (CV) at a scanning rate of 0.1 V/s
and an operation voltage window of 0.8 V was used to
test the VA-CNTSs. As seen in Figure 53, the split VA-CNT
carpet shows greatly enhanced electrochemical per-
formance compared to that of the sample without
splitting. The power density of the split VA-CNT carpet,
which is indicated by the integrated area, is much
larger than that of the as-prepared VA-CNT electrode.
The CV curve shows the fast current response to the
change in voltage sweep direction, and the shape is
near-rectangular until 1 V/s (Figure S5), indicating the
formation of an electrochemical double layer. The
electrochemical properties were stable during a num-
ber of CV cycles, which indicates a stable delivery of
ions and good connections between the CNT electrode
and the current collector. The superior capacitance
behavior and power density of the split VA-CNT carpet
is also demonstrated by the analyses at scanning rates
of 0.5 and 1 V/s (Figure S5b-c). The specific capaci-
tances, derived from galvanostatic charge—discharge

ZHANG ET AL.

curves with different current densities, of the VA-CNT
carpet before and after splitting are shown in Figure
S6a. Compared to the original VA-CNT carpet, the
splitting increased the specific capacitance by ~4
times (106.2 F/g) at a small discharge current density,
and outperforms the original VA-CNT carpet by ~3
times at high discharge current density. The specific
capacitance of the split VA-CNT carpet is much higher
than in previous studies using the VA-CNT as electrode
material, 2*=2°3" and are comparable to that of oxi-
dized VA-CNT in ionic liquid and organic electrolyte.*
The capacitance improvement can be attributed to the
combination of a more effective surface area for
accessibility of the electrolyte ions, created by the
splitting, as well as the substantially straight conduc-
tive paths based on the vertically aligned structure. For
the pristine VA-CNT carpet, CNTs are densely packed
together, limiting the formation of an effective electro-
chemical double layer along their outside surfaces.
Upon unzipping, the strong bundling between CNTs
was weakened, as indicated by the observation of
individual CNTs in Figure S1. And by opening the
outermost layer of CNTs, the surfaces of the inner tubes
became accessible. BET measurements of the VA-CNT
carpet before and after splitting showed that the
specific surface area of the material increased from
191 to 308 m%/g. The expanded intertube spaces and
more effective surface areas could facilitate the forma-
tion of an electrochemical double layer, thus enhan-
cing the capacitance. Moreover, a three-electrode CV
measurement was conducted using split VA-CNTs at a
voltage rate of 20 mV/s (Figure S7), and cathodic and
anodic peaks occurred at ~0.5 and 0.7 V, indicating
some contribution of pseudocapacitance that may
come from edges of the unzipped CNTs. In addition,
in the case of partial splitting, the remaining inner tubes
retain their electrical conductivity, which facilitates
charge transport during the electrochemical process.
The performance of the split VA-CNT carpet elec-
trode was also evaluated by measuring the galva-
nostatic discharge at different rates (Figure S6c).
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Figure 5. Measurements of supercapacitor performance. (a) Comparison of CV curves of the VA-CNT carpets before and after
splitting measured at a scan rate of 0.1 V/s. (b) Galvanostatic charge—discharge curves for 20 cycles at a constant current
density of 5.7 A/g of the split VA-CNT carpet electrode. (c) Nyquist plot of the split VA-CNT carpet electrode measured by
amplitude current frequency scanning from 1000 kHz to 0.01 Hz. A high-frequency region of the Nyquist plot is shown in the
inset with its knee frequency of 214.8 Hz. (d) A Ragone plot showing the relationship between the energy density and power
density of the VA-CNT carpet supercapacitor electrode before and after splitting.

The initial IR drop can hardly be observed for our
measurements, indicating that the equivalent series
resistance (ESR) is rather low and the electron transfer
causes little voltage limitation. The galvanostatic charge—
discharge cycle measured for 20 cycles at a constant
current density of 5.7 A/g of the split VA-CNT super-
capacitor device is shown in Figure 5b. The near-triangular
shape of each cycle suggests a capacitive behavior with
almost no Faradic process. Retention of capacitance
after >2000 charge—discharge cycles has also been
tested, as can be seen in Figure S6c. The capacitance
after 2000 cycles remained at >95% of its original value.
SEM images that compare the VA-CNT carpet before and
after splitting (Figure S8) also suggests that there is little
obvious structural degradation during the cyclability
testing.

The Nyquist plot measurement shown in Figure 5¢
was done at 10 mV vs an open circuit voltage from
1000 kHz to 0.01 Hz to determine the frequency
response as well as the ESR of the supercapacitor
device. There is a semicircle intersecting the real axis
in the high frequency region, and the plot transforms
to a vertical line with decreasing frequency, suggesting
a distributed-capacitance behavior of a porous struc-
ture.*' As can be shown, the slope is almost parallel
to the imaginary axis in the low frequency region,

ZHANG ET AL.

implying that the split VA-CNT carpet electrode shows
a capacitive behavior at low frequency.*? The split
VA-CNT carpet shows a high knee frequency of 214.8 Hz,
as is shown in the inset in Figure 5¢, which suggests
that most of the stored energy is accessible even at
frequencies =210 Hz, exhibiting a potential for appli-
cations in hybrid electrical vehicles (HEVs). This knee
frequency is much larger than commercially available
electrochemical supercapacitors** and some reported
values for the MWCNT electrode®' and VA-CNT carpet
electrode,?*?’3% which could be the result of fast
electrolyte ions access and diffusion through the car-
pet conductive paths and the split pores.

A Ragone plot is presented in Figure 5d to interpret
the maximum performance limit of the split VA-CNT
electrode. The energy density and power density are
calculated from galvanostatic charge—discharge curves
using egs 1 and 2:

CspV?
Esp = % (M
E
Psp = ﬁ )]

where the E,, represents the energy density, P,
represents the power density, C,, is the specific
capacitance, V is the potential after IR drop, and At
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is the discharge time. The energy density and power
density are in the range of 5.2—9.4 Wh/kg and
1.1-103 kW/kg, respectively. It can be seen that
the split VA-CNT can provide a power density up to
103 kW/kg, while maintaining an energy density of
~5.2 Wh/kg. The energy density does not change
appreciably with increased power density. This is
higher than the reported value of energy density
and power density for the current electrochemical
capacitor technology** and VA-CNT electrode?” and
some SWCNT electrode material.*’ It is also compar-
able to that of VA-CNTs used in organic electrolyte®*3°
and some SWCNT electrodes.3>3346 As a comparison,
when a pristine VA-CNT carpet was used as the active
material, a maximum energy density of ~3.1 Wh/kg
was measured, and the maximum power density
was ~35 kW/kg at an energy density of 0.95 Wh/kg.
The split VA-CNT carpet not only allows the rapid
delivery of stored charges through each individual
tube that is connected directly to the metallic backing
plate, but also provides more effective accessibilities
for the ions. The energy density might be improved by
using an organic electrolyte to enlarge the potential
window.

METHODS

Synthesis of VA-CNT Carpet. The substrate for growing MWCNT
carpets was prepared by electron-beam evaporating a 10 nm
Al,O5 buffer layer and 3 nm Fe catalyst layer sequentially onto
the SiO, wafer in an electron-beam evaporator. Vertically
aligned MWCNT carpets were grown on this substrate in a
hot-filament apparatus using the previously reported water-
assisted chemical vapor deposition (CVD) method.'®*” Typi-
cally, a mixture of H, (210 sccm), C;H, (5.8 sccm) and H,0 (200
sccm) gas was flowed into the reactor at 750 °C at an elevated
pressure (~25 Torr). A tungsten hot filament was activated with
a current of ~9 A for 30 s to reduce the catalysts by generating
atomic hydrogen in order to initiate the MWCNT nucleation. The
pressure was then decreased immediately to 4.9 Torr to resume
the MWCNT carpet growth. A 15-min-growth process enabled a
vertical MWCNT carpet with a height of ~30 um.

Splitting of VA-CNT Carpet. The VA-CNT carpet sample was
loaded into a glass ampule along with ~50 mg potassium in a
glovebox purged with N,. The ampule was then evacuated and
sealed under vacuum using an acetylene torch. The ampule was
placed in a muffle furnace (NEY 6-160A) and heated at 450 °C for
48 h. During this process, the potassium vaporized and inter-
calated into the inner space between the walls of the MWCNTs.
After cooling, the ampule was transferred into a glovebox
and opened. Ethyl ether was added to the reaction mixture to
protect the sample from the atmosphere; it was removed from
the glovebox. Methanol was added to quench the intercalated
potassium. The H, gas generated and the resulting volume
expansion produces further splitting and exfoliation of the
outer walls of MWCNTs. Finally, the split VA-CNT was washed
sequentially with water and ethanol to remove byproducts
before drying in a vacuum oven at 60 °C for 24 h.

Fabrication of a VA-CNT Carpet Supercapacitor and Electrochemical
Measurements. The split VA-CNT carpet was immersed into a
buffered oxide etch solution (buffered HF, a wet etchant to
remove the SiO,, J. T. Baker) to detach the carpet from the
substrate. After ~5 min of etching, the split VA-CNT carpet film

ZHANG ET AL.

CONCLUSIONS

Splitting of VA-CNT carpets with preservation of
vertical structural integrity and alignment has been
realized by high-temperature potassium vapor inter-
calation and subsequent solution quenching. TEM ana-
lyses have shown that the split VA-CNT carpet contains
GNRs and partially split MWCNTs. It is found that the
partially split structures usually have split outer graphitic
walls coating the outside of the inner intact few-walled
nanotubes. SEM, AFM and Raman analyses confirmed
the split features in the split VA-CNT carpet. Super-
capacitor testing shows that the splitting treatment
increased the specific capacitance by ~4 times. Further-
more, the split VA-CNT carpet electrode also exhibits
stable cyclability and AC frequency response. The super-
ior electrochemical supercapacitor performance of the
split VA-CNT carpet electrode likely originates from
more specific surface area due to the additional intra
tube space and inner tube surface, the good conductiv-
ity of the partially split CNTs, and the vertical alignment
of the conductive paths between the tubes. The inves-
tigations here show that the splitting approach is an
enabling technology for generating high-performance
energy conversion and storage materials.

floated to the surface of the solution. Then the free-standing
split VA-CNT carpet was rinsed in the DI water to remove
residual acid until the rinsewater was pH neutral. The samples
were rinsed in ethanol and dried in vacuum oven before
assembling them into the supercapacitor device.3**° The split
VA-CNT carpet capacitor was fabricated by sandwiching filter
paper as a separator between two VA-CNT carpet sheet electro-
des (Figure S5a). In one experiment, 70 ug of split VA-CNT carpet
was used as active material, as weighed by a microbalance
(Citizen scale, model: CM 21x, weighing accuracy 1 ug). For the
control experiment, 36 ug of pristine VA-CNT carpet was used.
The two electrodes were then compacted and sealed with two
stainless steel plates, without using other current collectors. The
effective size of the VA-CNT carpet sheet electrode was 0.2 cm?
with a rectangular shape. The electrochemical properties were
investigated using a two-electrode cell configuration with 6 M
KOH as the electrolyte. Measurements were conducted with a
CHI 608D potentiostat/galvanostatic for testing the cyclic vol-
tammetry, galvnostatic charge—discharge performance and
electrochemical impedance spectroscopy. No penetration of
the nanotubes into the separator was observed after the two
counter-electrodes were taken apart, indicating that there is
likely little or no occurrence of self-discharge due to an internal
short circuit.

Characterization. XPS was conducted on a PHI Quantera SXM
scanning X-ray microscope. An Al anode at 25 W was used as an
X-ray source with a pass-energy of 26.00 eV, 45° takeoff angle,
and a 100 um beam size. SEM images were taken at 20 kV on a
FEI Quanta 400 ESEM FEG scanning electron microscope and
JEOL 6500F scanning electron microscope. For TEM sample
preparation, the material was dispersed in chloroform by bath-
sonication using an ultrasonic cleaner (Cole-Parmer model
08849-00) for 5 min, followed by deposition on a Lacey Formvar/
carbon copper grid with 300 mesh (Ted Pella, 01883-F). TEM
imaging was conducted on a JEOL 2100 field emission gun
transmission electron microscope. AFM images were obtained
on a Digital Instrument Nanoscope IIIA atomic force microscope.
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Raman spectra data was collected on an InVia Renishaw micro-
scope using 514.5 nm argon laser. BET surface area was measured
on a Quantachrome autosorb-3b BET surface analyzer.
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