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ABSTRACT: We have provided a design of the macroscopic morphology of
carbon nanotubes (CNTs) using emulsion droplet confinement. The
evaporation of CNT-dispersed aqueous emulsion droplets in oil produces
spherical CNT assemblies, i.e., CNT balls. In this emulsion-assisted method,
compact packing of CNT was obtained by the presence of capillary pressure
during droplet evaporation. The size of the CNT balls could be controlled by
changing the concentration of the CNT dispersion solution; typically, CNT
balls with an average size in the range of 8—12 um were obtained with a
Brunauer—Emmett—Teller (BET) specific area of 200 m*/g. Heat treatment of
the CNT balls, which was required to remove residual solvent, and cement
CNT's was followed, and their effect has been characterized; the heat treatment
at high temperature desorbed surface oxygenated groups of CNTs and created
defective carbon structures, but did not change pore structure. The dispersion of
CNT balls was applied to form CNT ball-assembled film for a supercapacitor

electrode. The specific capacitance of 80 F/g was obtained at 500 °C heat treatment, but the CNT balls prepared at a higher
temperature actually decreased the capacitance, because of the removal of surface oxygenated groups, thereby decreasing the
pseudo-capacitance. The capacitive properties of CNT ball-assembled electrodes were compared to CNT films; the CNT ball
electrodes showed 40% higher specific electrochemical capacitance and higher rate performance, which is attributed to the
compact packing of CNTs in the CNT ball and the hierarchical porous structures in the ball assemblies.
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B INTRODUCTION

Carbon nanotubes (CNTSs) are attractive materials for use as
the electrodes in electrochemical energy storage devices, such
as supercapacitors,l_4 lithium-ion batteries,"~” and fuel cells,*’
because of their high chemical stability, electrical conductivity,
accessible surface area, and facile functionalization.'®™**> CNTSs
have unique morphological characteristics: they possess a
central canal pore, and percolating CNT networks can create an
interconnected pore network. Thus, the pore structures of
CNTs increase the contact area with an electrolyte solution
which facilitates ion transport, thereby improving the perform-
ance of those electrochemical devices that make use of them, as
opposed to those using other carbon materials, such as
activated carbons.">'* For example, activated carbon, which
has often been used as a conventional electrode, was reported
to have a specific area of up to 2000 m*/g and yield a specific
capacitance of up to 100 F/g in an aqueous electrolyte
solution.">'® On the other hand, CNTs possess a relatively
small specific area, in the range of 200—400 m?/g, but show a
specific capacitance comparable to that of activated carbons.
The maximum specific capacitance of a multiwalled carbon
nanotube (MWCNT) film reported to date is ~100 F/g, and
capacitance values have varied widely, depending on the type of
nanotube, the electrolyte solution, the use of an activation
process or not, and the presence or absence of binders.'*'”'®
Moreover, the facile composites that comprise CNTs and
oxides (e.g., RuO,, MnO,, NiO) or conducting polymers (e.g.,
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polypyrrole, polyaniline) may display improved capacitance
values, because of a pseudo-faradaic reaction.>>'*~**

Control over the macroscopic shapes of CNT assemblies
plays a crucial role in their practical application. CNTs have
been prepared in the form of a fiber or yarn for mechanical
applications or as woven textiles for the preparation of
electrodes.”*** CNT mats or sheets have been prepared for
electrochemical applications.*® The liquid-induced collapse of
vertically aligned CNT arrays grown directly on the substrate
has grovided a facile method for designing CNT assem-
blies.”**’ Using this approach, highly dense CNTs have been
obtained and have proven advantageous for use in super-
capacitor applications.”® Consistent with these approaches
toward the design of macroscopic morphologies, we have
demonstrated the fabrication of spherical CNT assemblies.
CNT-dispersed emulsion droplets were used to confine the
geometry of the CNT suspension, yielding spherical CNTs
(CNT balls). The emulsion-assisted method yielded compact
packing of the dispersant; that is, CNT assemblies were
obtained under the inward capillary pressure exerted by the
shrinkage of a droplet during evaporation.28 Moreover, the
CNT balls could be re-suspended to form a dispersion that
facilitated the application of the CNT balls in the substrate
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coating. The CNT ball assemblies were then tested for their
utility as an electrode material in a supercapacitor. The
electrochemical capacitance of the CNT ball-assembled electro-
des was compared to the performances of the CNT films. The
CNT ball electrodes displayed a 40% higher specific
capacitance and a slightly higher rate performance, possibly
attributed to the compact packing of CNTs and the formation
of hierarchical porous structures.

B METHODS

Preparation of the Carbon Nanotube Balls. Water-
dispersed MWCNTs (Hanhwa Nanotech) were added to
hexadecane (Aldrich) containing 1 wt % surfactant (Hypermer
2296, Croda), and the mixture was vigorously vortexed for 10
min to obtain the water-in-oil emulsion. The water inside the
droplet was efficiently dried by pouring the emulsion into a
Teflon dish and drying in a convection oven at 60 °C for 24 h.
The dried CNT assemblies were rinsed with propylene glycol
methyl ether acetate (PGMEA, Aldrich) several times and dried
in a vacuum oven for a day. The CNT balls were heat-treated in
a furnace under inert conditions at three different temperatures:
500, 700, and 900 °C for 2 h. The heating rates were 3 °C/min.

Characterization. Optical microscopy images were ob-
tained using an optical microscope (Nikon LV100) equipped
with a digital camera. SEM images were obtained using a
Hitachi Model S-4300 scanning electron microscope at 4.8 kV.
Transmission electron microscopy images were obtained using
a Carl Zeiss Model LIBRA 120 instrument operated at 120 kV.
The measurements were obtained by heating the sample up to
900 °C in a nitrogen atmosphere, with a heating rate of 3 °C/
min. The Raman spectra were collected using a Horiba Jobin
Yvon LabRAM HR equipped with an air-cooled Ar-ion laser
operated at 541 nm. X-ray photoelectron spectroscopy (XPS)
was performed using a Leybold spectrometer with an Al Ka
monochromatic beam (1486.6 eV) having an input power of
150 W (ESCALAB250 XPS system, Theta Probe XPS system).
Nitrogen adsorption isotherms were recorded using a Micro-
meritics Model ASAP 240SN. Specific surface areas were
calculated by the Brunauer—Emmett—Teller (BET) method,
and pore volumes were estimated from pore size distribution
curves obtained from the desorption branches of the isotherms
using the Barrett—Joyner—Halenda (BJH) method.

Electrochemical Measurements. A beaker-type three-
electrode system was used to measure the electrochemical
properties of the sample. The three-electrode cell was
assembled with CNT ball-assembled films on a glassy electrode
as the working electrode, a saturated Ag/AgCl electrode (3 M
NaCl) as the reference, and a Pt rod as the counter electrode.
Specifically, the working electrode was prepared by casting a
Nafion-impregnated sample onto a glassy carbon electrode.
Four milliliters (4 mL) of an aqueous ethanol solution in which
10 mg of the sample was dispersed was dropped onto the glassy
carbon electrode and placed in a convection oven until the
sample was dried. The working electrode was then immersed in
a 1.0 M H,SO, (Aldrich) solution. Cyclic voltammetry (CV)
and galvanostatic charge—discharge cycles were measured by
VersaSTAT 3 (AMETEK). CV was performed over the voltage
range of 0 to 1 V with a range of scan rates (from 0.01 V/s to 1
V/s). The charge-discharge measurement was performed over
the voltage between 0 and 1 V with applying a constant current
of 1 A/g.
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Bl RESULTS AND DISCUSSION

The fabrication of CNT balls using emulsion-directed assembly
is described in Scheme 1. First, an aqueous emulsion droplet of

Scheme 1. Emulsion-Directed Assembly of CNT Balls and
Their Dispersion in Solution

Evaporation of oil

CNT balls and
their dispersion

CNT aqueous droplet/hexadecane
emulsion

a CNT dispersion (MWCNTs with an average diameter of 12
nm) was prepared in hexadecane in the presence of 1 wt %
non-ionic surfactant. Upon heating the emulsion, the water
slowly evaporated from the hexadecane while the CNTs
assembled within the spherically confined volume, yielded
CNT balls in the hexadecane. The CNT balls were washed with
PGMEA to remove solvent and surfactant residue. A CNT ball
powder was subsequently obtained by heat treatment under
inert conditions. The CNT balls were dispersed in a water—
ethanol mixture to prepare an electrode film for supercapacitor
electrodes.

Figure la shows scanning electrode microscopy (SEM)
images of the CNT balls. The diameters of the emulsion

Figur

e 1. SEM images of the (a) CNT balls and (b) the inside of a
broken CNT ball. (c) A magnified SEM image of the CNT ball surface
(inset image shows a TEM image of the MWCNTs). (d) SEM image
of the CNT balls fabricated using a high concentration of CNT
dispersion.

droplets (the inset image) and CNT balls after the drying out
of these droplets were 20 + S pm and 10 + 3 pm, respectively.
The concentration (C) and density (p,) of the CNT dispersion
was 2 wt % and ~0.02 g/cm’. Assuming that the density (p) of
MWCNT was 0.1—0.3 g/cm® and the porosity (¢) of the
MWCNT film was 50%—60%, the volume of CNT balls (V; ;)
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was expected to be CpyVi,/p@. The estimated diameter of the
CNT balls was 10 + 3 pm, similar to the diameter of the
fabricated structures. These results indicate that the CNT balls
may have been condensed without forming a large internal
cavity, and compact packing inside the balls was confirmed, as
shown in the inset image of Figure 1b. Magnified SEM images
of the CNT balls in Figure lc reveal a compact percolating
network of CNTs. The size of the CNT balls could be
controlled according to the initial size of the emulsion droplet
and the concentration of the CNT dispersion. The
concentration of the CNT dispersion was 6 wt%, which
yielded CNT balls with larger diameters of 15 + 3 ym (Figure
1d). The capillary pressure exerted by the evaporation of a
water droplet may enhance the packing of CNTs. We
compared the morphology of a CNT film after the evaporation
of a CNT dispersion in water or in ethanol, as shown in Figure
S1 in the Supporting Information. The CNTSs obtained from
the ethanol dispersion had relatively larger pores around the
CNTs. This structural feature was attributed to the lower
surface tension of ethanol compared to water, which meant that
the ethanol droplet exerted a lower capillary pressure. The high
density of the CNT percolating network is attractive for
electrochemical applications because higher densities can
enhance the energy density and a high connectivity among
CNTs can increase the conductivity of the CNT assemblies.”®

Heat treatment of the CNT balls was required to remove the
surfactants and hexadecane from the CNT balls. Heat
treatment may also change the functional groups on the
CNT surfaces, the pores and specific areas of the CNT films,
and induce further graphitization of the CNTSs, which are
critical properties for supercapacitor applications of CNT
balls."* Results from the thermogravimetric analysis (TGA) of
the CNT balls are shown in Figure S2 in the Supporting
Information. Most of the organic residue and/or solvent
captured inside the CNT balls were removed at temperatures
beyond 400 °C in a nitrogen atmosphere, and only a 5% mass
loss was observed upon heating to 900 °C. The specific area
and pore volume of the CNT balls were characterized by the
BET method. Nitrogen isotherms for the CNT balls at various
temperatures are presented in Figure 2. The BET surface area,
pore area, and pore volume were estimated from the pore size
distribution curves from the desorption branches of the
isotherms using the BJH method, as summarized in Table 1.
The isotherms were Type IV with a Type H4 hysteresis, which
suggests the presence of mesopores in the CNT balls.* Table 1

500

400 A

—e— 500°C
—e— 700 °C
v— 900 °C

300 A

200 A1

100 A

Volume adsorbed (cm®g STP)

0.4 0.6 0.8

Relative Pressure (P/P,)

0.2 1.0

Figure 2. BET isotherms of the CNT balls prepared at various
temperatures.
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Table 1. Pore Characteristics of the CNT Balls Prepared at
Various Temperatures: Brunauer—Emmett—Teller (BET)
Surface Area, Micropore Area Estimated by the BET
Method, Mesopore Area Estimated by the Barrett—Joyner—
Halenda (BJH) Method, and Total Pore Volume

total pore
temperature ~ BET surface micropore mesopore volume
°C] area [m*/g]  area [m*/g] area [m%/g] [em®/g]
500 222.52 61.72 192.16 0.51
700 200.32 55.51 170.18 0.61
900 228.60 66.32 186.94 0.59

shows that the CNT balls prepared at various temperatures
exhibited similar specific areas and pore volumes: specific area
of 200—220 m’/g and a pore volume of 0.5—0.6 m’/g. The
heat treatment did not appear to influence the percolated
morphologies of the CNT structures.

Figure 3 shows the Raman spectra at various temperatures,
which were collected to characterize the effects of heat
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Figure 3. Raman spectra of the CNT balls prepared at various
temperatures.

treatment on the carbon nanostructures. The spectra exhibited
two peaks, at 1350 and 1580 cm™!, which were designated as
the D-band and G-band, respectively. The G-band is associated
with the vibrational modes of the sp>-bonded carbon atoms in a
graphitic layer, whereas the D-band indicates the presence of
defects in the graphene lattice.’>*' A comparison of the
intensity ratio of the D- and G-bands (I/I;) showed that the
value of Ip/I; increased as the heat-treatment temperature
increased, indicating a decrease in the average size of the sp’
domains. Figure 4a shows representative X-ray photoelectron
spectroscopy (XPS) results obtained from CNT balls treated at
500 °C. The C 1s band was deconvoluted into the following
bands: carbon in aromatic rings (i.e,, C—C) at 284.5 eV, carbon
singly bound to oxygen epoxy or alkoxy groups (i.e., C—O) at
285.5 eV, carbon doubly bound to oxygen in carbonyl or
carboxylic groups (i.e, C=0) at 287.0 €V, carbon bound to
two oxygen atoms in carboxyl, carboxylic anhydrides, or ester
groups (ie, —COO) at 288.6 €V, and the characteristic
aromatic 7—7* transition at 289.9 eV.*>** Figure 4b shows the
changes in the quantity of each functional group present upon
heating at various temperatures, as estimated by the area ratios
of each oxygenated functional peak to the area of the C—C
peak. Overall, a large decrease in the oxygen content was
observed during heat treatment in an inert environment.
Specifically, the functional groups having C—O bonds were
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Figure 4. (a) XPS C 1s deconvoluted spectra of CNT balls treated at S00 °C. (b) Atomic ratios of the different functional groups, relative to

graphitic carbon, varied depending on the heat-treatment temperature.
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Figure 5. Cyclic voltammetry curves for the CNT ball-assembled electrodes. A 1 M H,SO, solution was used as the electrolyte. A potential between
0 and 1 V was applied with a scan rate of (a) 50 mV/s and (b) various scan rates from 10 mV/s to 1 V/s.
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Figure 6. (a) Galvanostatic charge—discharge curves for the CNT ball-assembled electrode. The CNT balls were prepared at various temperatures.
A 1M H,S0, solution was used as the electrolyte solution. A current density of 1 A/g was applied. (b) Capacitance retention of CNT ball electrodes

at different current densities of from 1 A/g to 10 A/g.

dominant on the CNT balls, and the C—O groups decreased by
half as the heat-treatment temperature increased to 900 °C.
The quantity of —COO and C=O0 groups decreased by 5%
and 18% at 900 °C, respectively. Desorption of the oxygenated
groups from the CNTs at high temperatures has been
previously reported.*® In contrast to the BET result that
revealed no effect on the macroscopic pore morphologies, the
Raman result suggest that heat treatment leaves behind defects
due to the desorption of oxygenated groups, and the process
may also create additional defective bonds between CNTs.
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The CNT balls were tested for their utility as electrodes in a
supercapacitor electrode. The capacitive properties of the CNT
balls prepared at various temperatures were characterized by
standard cyclic voltammetry (CV) and galvanostatic charge—
discharge techniques. Figure Sa shows the CV curves of CNT
balls having one pair of redox peaks in addition to the
electrochemical double-layer capacitive behavior. These peaks,
which occurred within the range of 0.2—0.4 V, indicated the
occurrence of a faradaic reaction of the oxygenated groups, that
is, a reversible redox reaction of quinone to hydroquinone.'***
This feature is typically observed in CNTs having “oxygen-
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containing” surface groups, and indicates the contribution of
the pseudo-capacitive properties. Higher heat treatment
temperatures resulted in a decrease in the area enclosed
under the CV curve; the pseudo-capacitive peak almost
disappeared for CNT balls treated at 900 °C; this result was
consistent with the desorption of oxygenated groups during the
high-temperature treatments, as indicated by the XPS results.
Moreover, CV at various scan rates are shown in Figure Sb. The
graphs reveal the redox peaks at the same potential by a faradaic
reaction of oxygenated group, even at the scan rate of 1 V/s.
This result reveals the stability of the oxygenated groups in the
CNTs.

The galvanostatic charge—discharge curves are shown in
Figure 6. The specific capacitance values of the CNT balls
prepared at various temperatures were compared. The specific
capacitance of the CNT balls was calculated from the discharge
cycle of a typical voltage—time response curve using the
equation

At
AVm

where C is the specific capacitance obtained from the discharge
cycle under constant current charge/discharge measurements, i
the constant current, At the discharge time, AV the potential
range, and m the mass of the sample.*® The calculated specific
capacitance of the CNT balls prepared at 500 °C was 80 F/g.
The specific capacitance was attributed to a lower pseudo-
capacitance, as a result of desorption of the oxygenated groups
at higher temperatures. Moreover, the capacitance retention
was further evaluated for multiple steps at high charge/
discharge current density (see Figure 6b). Each step comprised
100 charge/discharge cycles at different current rates from 1 A/
g to 10 A/g. The capacitance of CNT balls remained at over
60% at a high current density of 10 A/g, and recovered to 95%
of the initial capacitance when the current was reset to 1 A/g,
suggesting excellent cycling performance and stability.

The CNT balls were tested as electrode materials in an effort
to identify the influence of the spherical shape on the electrode
performance properties. The capacitive properties of an
electrode film composed of CNT ball assemblies and CNT
films were compared. CNT ball electrodes were prepared by
the evaporation of a CNT ball ethanol dispersion, whereas
CNT films were obtained from CNTs dispersed in ethanol.
The CNT films were made using the same CNT dispersion
that was used for the CNT balls, and heat-treated at 500 °C.
Figure 7 shows the specific capacitance values obtained at
various current densities. At the low current density of 0.2 A/g,
the specific capacitance values of the CNT balls and the CNT
films were 81.6 and 58.6 F/g, respectively. The higher specific
capacitance may have been attributed to a dense packing of
CNTs in the CNT balls. A decrease in the capacitance with an
increasing current density was observed for both electrodes.
The presence of small pores, such as micropores and small
mesopores, has been reported to have a detrimental effect on
ion transport, thereby creating an electrical double layer on the
pore surface. The specific capacitance obtained at 10 A/g was
48% of the value retained at a low current density (0.2 A/g) for
the CNT balls and 43% for CNT films. The CNT ball
electrodes showed a rate performance similar to that obtained
from the CNT films. These results imply that the hierarchical
porous structures of the CNT ball-assembled electrodes
provided efficient mass transport of electrolyte ions during

charging and discharging.
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Figure 7. Specific capacitance of the CNT balls (black) and CNT films
(blue) measured under different current densities between 0.2 A/g and
10 A/g.

B CONCLUSION

Spherical carbon nanotube (CNT) assemblies, i.e,, CNT balls,
were fabricated by the evaporation of multiwalled carbon
nanotube (CNT)-dispersed water/oil emulsion droplets. The
emulsion-assisted assembly of CNTs induced compact packing
of CNTs under capillary pressure during the evaporation of the
droplets. CNT balls could then be redispersed in a solution to
facilitate the preparation of a substrate coating. The coated film
caused hierarchical pores among the CNTs and cavities among
the CNT balls. Here, the size of the CNT balls could be
controlled by varying the concentration of the CNT dispersion
solution. Typically, the average size of the CNT balls obtained
was in the range of 8—12 pum, and the BET surface area
obtained for the CNT balls was 200 m?/g. The effects of heat
treatment on the pore structure and surface composition in the
CNT balls were investigated. Heat treatment resulted in the
removal of the covalently bound oxygenated groups from the
CNTs, but heating did not affect the porosity of the CNT
assemblies. The CNT ball assemblies were tested for their
utility as a supercapacitor electrode. The pseudo-capacitance
conveyed by the oxygenated groups yielded a specific
capacitance of 80 F/g. The CNT ball electrodes showed a
40% higher specific capacitance and a slightly higher rate
performance, compared to the CNT films. These results imply
that the compact packing and hierarchical pore structure of the
CNT balls may be a promising macrostructure for use in energy
device applications. The emulsion-assisted methods described
here may be extended to the fabrication of composite CNT
balls from composite emulsion droplets to further enhance the
capacitance.
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Morphologies and pore-size distribution of the CNT films.
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