Research Article

www.acsami.org

APPL'ED&MATERIALS

INTERFACES

Nitrogen-Doped Carbon Nanotube Spherical Particles for
Supercapacitor Applications: Emulsion-Assisted Compact Packing
and Capacitance Enhancement

Donghee Gueon and Jun Hyuk Moon*

Department of Chemical and Biomolecular Engineering, Sogang University, 35 Baekbeom-ro, Mapo-gu, Seoul 121-742, Republic of
Korea

© Supporting Information

CNT-dispersed droplet

N-doped CNT
spherical particle

CNT-packed
<R

spherical particle

Drying fen

Multiscale pores

ABSTRACT: The combination of the control of CNT assembly density and the control of intrinsic carbon properties by doping
can synergistically improve the supercapacitor performance of CNT-based electrodes. We prepared a dense-packed CNT
spherical assembly via emulsion-assisted evaporation and subsequently conducted nitrogen (N) doping to make CNT-based
supercapacitors. The assembly of CNT spherical particles is applied as the supercapacitor electrode. We control the N doping
content and obtain a specific capacity of 215 F/g at a current density of 0.2 A/g, which is 3.1 times higher than that of the
untreated sample. The enhancement stems from high pseudocapacitance and high electrical conductivity that result from the N
doping of the CNT assembly. In a comparison of the specific capacitance of N-CNT spherical particles with that of the CNT
films prepared by conventional solution-coating, we found that N-CNT samples display a capacitance that is 1.8 times higher,
thus confirming the morphological advantage provided by the CNT packing and the hierarchical porous structure in the CNT
particle assembly. Our approach allows a facile and high throughput production of high performance electrodes based on CNTs
that are commercially available. Moreover, our approach can be extended to produce spherical particles consisting of other
nanostructured carbon materials and their composites.
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B INTRODUCTION

Carbon nanotubes (CNTs) are nanostructured carbonaceous
materials that are appealing for various energy devices, such as
supercapacitors and lithium-ion batteries.' > In addition to
their high chemical stability and high electrical conductivity,
CNTs have unique morphological characteristics: they possess
an intrinsic central canal micropore, and the CNT assembly
creates an interconnected meso-to-macroscale pore network
among CNTs. These hierarchical porous structures effectively
facilitate ion transport in high surface area CNT films and, thus,
kinetic properties in their application.” However, most CNTs
reveal relatively lower energy storage density than other porous
carbon materials, including activated carbon and soft- or hard-

CNTs is limited by entanglement. The liquid-evaporation-
induced assembly of CNTs has been developed for this
purpose. Densely aligned CNTs can be produced by the liquid-
induced collapse of vertically aligned CNT arrays.”’ Our group
utilized the packing of CNTs in a liquid droplet during the
evaporation of the solvent.”

Meanwhile, the recent improvement of supercapacitance
performance in carbon-based electrodes has also been driven by
introducing the doping of heteroatoms, such as nitrogen
(N)>**? and boron (B)."” The exact mechanism has not been
elucidated, but most of the literature reports that the
enhancement of electrochemical capacitance is related to
various factors, including the enhancement of electrical

templated porous carbons.”® In supercapacitor applications,
CNT films display the electrochemical capacitance of
approximately 100 F/g, while porous carbon materials display
a capacitance over 200 F/g.>° One of the reasons for this low
capacitance of CNT films is that the dense packing of fibrous
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conductivity and/or pseudocapacitive properties.”””" The
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Scheme 1. Schematic Procedure of the Fabrication of N-Doped CNT Spherical Particles
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doping enhances the capacitive property of carbon materials
even at low doping concentrations. The N doping of graphene-
based electrodes produces an increase of capacitance 4 times
that of the pristine samples.'”” The N doping of ordered
mesoporous carbon yields a capacitance over 200 F/g, which is
approximately 2 times higher than that of the untreated
sample."’ However, there have been only a few reports on N-
doped CNTs.”"* Recently, N-doped CNTs achieved only 60
F/g in their supercapacitor application, which is relatively low
compared to other N-doped nanostructured carbon materials.®
The correlation between doping configuration change and
electrical conductivity enhancement has been studied by the
heat-treatment of the N-doped CNTs."> Thus, combining the
control of intrinsic carbon properties by doping and the control
of the morphology of CNTs may be a promising approach to
obtain synergistic improvement in the capacitance. This
approach would also have an impact from the perspective of
practical applications of commercially available CNT materials.

Here, we prepare dense-packed CNT assemblies by an
emulsion-assisted approach, and subsequently, we conduct N
doping for high performance supercapacitor electrodes.
Specifically, we control the doping content in the CNT
spherical assembly and characterize the doping and its
configuration, as well as the doping effect on the electro-
chemical capacitive properties. We achieve a specific
capacitance that is 3.1 times higher with 11.2 at. % N-doped
CNT spherical particles, compared to that of the bare CNT
spherical particles. The enhancement stems from high
pseudocapacitance and high electrical conductivity caused by
the N doping of the CNT assembly.”” Moreover, we confirm
the morphological advantage of N-doped CNT spherical
particles over CNT films in the electrochemical capacitive
properties. The CNT spherical particles demonstrate a 1.8
times higher specific capacitance and a higher rate performance,
which are attributed to the compact packing of CNTs and the
formation of hierarchical porous structures. Our approach is a
facile and high throughput method for producing compact
packing of CNTs and, simultaneously, multiscale porous
morphologies.

B EXPERIMENTAL SECTION

Preparation of Carbon Nanotube Spherical Particles and N
Doping. An emulsion of an aqueous dispersion of multiwalled carbon
nanotubes (CNTs) (Hanhwa Nanotech) in hexadecane is formed by
vortex mixing. Here, we add 1 wt % nonionic surfactant (Hypermer
2296, Croda) in the hexadecane. The water inside the droplet was
dried in a convection oven at 60 °C overnight, and it left behind CNT
spherical assemblies. The CNT assembly particles are rinsed with
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propylene glycol methyl ether acetate (PGMEA, Aldrich) several times
to remove the hexadecane and then heat-treated in a furnace under
inert conditions at 500 °C for 2 h to remove residues. For N doping,
1,3,5-triazine-2,4,6- triamine (or melamine) powder (99%, Aldrich) is
used as a N source. The mixture of CNT spherical particles and the
melamine powder is placed in a tube furnace and treated at 300 °C for
20 min and at 700 °C for 90 min under the N environment.

Electrochemical Measurements. A beaker-type three-electrode
system is used to measure the electrochemical properties of the
sample. The three-electrode cell is assembled with CNT particle-
assembled films on a glassy electrode as a working electrode, a
saturated Ag/AgCl electrode (3 M NaCl) as the reference, and a Pt
rod as the counter electrode. The mass of CNT particle films was
controlled to be 0.35 mg/cm? Specifically, the working electrode is
prepared by casting a Nafion-added sample solution onto a glassy
carbon electrode. We use a 1.0 M H,SO, (Aldrich) solution as an
electrolyte solution. Cyclic voltammetry (CV) and galvanostatic
charge—discharge curves are measured by VersaSTAT 3 (AMETEK).
CV is performed over the voltage range of 0 to 1 V versus Ag/AgCl (3
M NaCl) with a range of scan rates (from 0.01 to 1 V/s). The
galvanostatic charge—discharge measurement is measured under a
voltage range between 0 and 1 V with a constant current of 0.2—5 A/g.

Characterization. Optical microscopy images of the emulsion
were obtained using an optical microscope (Nikon LV100) equipped
with a digital camera. Scanning electron microscope images are
obtained using a field-emission scanning electron microscope
(FESEM, Carl Zeiss, SUPRA SS VP). Energy-dispersive spectroscopy
(EDX, BRUKER, XFlash Detector 4010) elemental mapping is
performed to examine the distribution of the N doping. Raman spectra
are 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) is performed using a Leybold spectrometer with
an Al Ka monochromatic beam (1486.6 eV) with an input power of
150 W (ESCALAB250 XPS system, Theta Probe XPS system).

B RESULTS AND DISCUSSION

The fabrication of N-doped CNT spherical particles is
described in Scheme 1. A spherical CNT assembly is achieved
by the formation of a CNT aqueous dispersion droplet in
hexadecane medium. The evaporation of water by heating the
emulsion induces the assembly of CNT's within the spherically
confined volume, yielding CNT spherical particles. The
capillary pressure exerted by the evaporation of a water droplet
enhances the packing of CNTs. Again, the high density of the
CNT percolating network enhances the energy density, and the
high connectivity among CNTs also increases the conductivity
of the CNT assemblies. CNT spherical particles are heat-
treated with the presence of melamine under an inert
environment. It has been reported that the heat-treatment
decomposes the N-rich molecules into carbon nitrides on the
carbon matrix.'®"” Moreover, at higher temperatures, the
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Figure 1. SEM images of (a) bare CNT spherical particles and (b) high-N-doped CNT spherical particles. The insets in parts a and b are the surface

images of the respective samples.

Figure 2. SEM images of (a) high-N-doped CNT spherical particles and the elemental mapping images of (b) carbon and (c) nitrogen (scale bar: 6

um).

carbon nitrides release the N that diffuses into the carbon
matrix.'® The CNT spherical particles are dispersed in a water—
ethanol mixture and coated on the substrate to prepare an
electrode film for supercapacitor measurements.

We use a 2 wt % CNT dispersion and prepare a 15.2 + 4.1
pum sized emulsion droplet, which produces the 9.1 + 2.3 um
CNT spherical particles after the evaporation, as shown in
Figure la (see the microscope image of the emulsion droplet
and the low magnification SEM image of CNT particles in
Figure S1). The N-doped CNT spherical particles have no
significant difference in morphology compared to the CNT
spherical particles, as displayed in Figure 1b. The BET analysis
reveals that the bare and N-doped CNT spherical particles have
similar specific area (see Figure S2). The magnified image of
the CNT spherical particles in the inset of Figure 1b shows
smaller pores and more compact packing of the CNTs relative
to the CNT assembly cast on a substrate with evaporation (see
Figure S3); the average pore size formed by the CNT mesh is
around 20 nm in the CNT spherical particles and around 130
nm in the CNT film. Moreover, it is noted that the CNT
spherical particle assembly intrinsically forms macropores of
approximately 260 nm among the spherical particles. Here, the
N doping concentration is controlled by setting the mixing
weight ratio of CNT spherical particles to melamine at 1:200
and 1:600. We designate the samples prepared by using 1:200
and 1:600 mixing ratios as low- and high-N-CNT spherical
particles, respectively. The SEM image and the elemental
mappings of C and N of single N-doped CNT spherical
particles clearly show a uniform doping over the surface (Figure
2a—c).

We measure the Raman spectra of pristine and low- and
high-N-CNT spherical particles. The spectra exhibited two
peaks at 1350 and 1580 cm™’, which were designated as the D
band and the G band, respectively, as shown in Figure 3. The G
band is associated with the vibrational modes of the sp>-bonded
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Figure 3. Raman spectra of bare CNT spheres, low-N-doped CNT
spheres, and high-N-doped CNT spheres.

carbon atoms in a graphitic layer,19 whereas the D band is
associated with the breathing mode of sp*-bonding, which
appears in disordered graphite.”” We observed that the N
doping enhances the D band intensity. The peak intensity ratio
between the D and G bands (Ip/I;) is 1.01 for the pristine
spherical particles and 1.12 and 1.26 for low- and high-N-CNT
spherical particles, respectively. This D enhancement implies
that the N doping produces a lattice defect in the graphitic
layers.

The wide-scan XPS spectra of pristine and low- and high-N-
CNT spherical particles display the peaks of C 1s, N 1s, and O
Is as shown in Figure 4. The atomic concentrations of C, N,
and O summarized in Table S1 reveal that the low- and high-N-
CNT spherical particles have 8.8 at. % and 11.2 at. % of N
content, respectively. Moreover, it is observed that, as the N
doping increases, the oxygen content is slightly increased. The
oxygenated functional groups were often removed by high
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Figure 4. XPS survey spectra of bare CNT spheres, low-N-doped
CNT spheres, and high-N-doped CNT spheres.

temperature treatment of the CNTs. Thus, the increase of
oxygen content in the doping mi%ht imply that the N doping is
mediated by the oxygen groups.

The N 1s XPS spectra of low- and high-N-CNT spherical
particles, deconvoluted by various N configuration peaks, are
displayed in Figure 5ab, respectively. We use four different
configurations of N doping: the pyridinic N (N-6), where the N
has an sp® hybridization with two C atoms (398.5 eV); the
pyrrolic N (N-5), where the N is incorporated into a five-
membered ring of C atoms (399.6 eV); the quaternary N (N-
Q), where the N has sp® hybridized with three C atoms (400.8
eV); and the oxidized N (N-X) group (402.5 V)" The
relative content of these N configurations is compared. The N-
CNT spherical particles possess a relatively high portion of the
N-6 and N-5 configurations and a low content of the N-Q and
N-X configurations as shown in Figure Sc. Previously, as the N
doping concentration increased, the concentration ratio of each
configuration was maintained.

N-CNT spherical particles are tested as electrodes in a
supercapacitor. We prepare the electrode film by assembling N-
CNT particles. We observed that the assembled film of CNT
spherical particles possesses hierarchical pores of 30 nm at the
CNT mesh and 260 nm due to particle packing. The bare CNT
spherical particle electrodes are also tested for comparison. We
measure the cyclic voltammetry (CV) of bare CNT spherical
particles, and it is displayed for low- and high-N-CNT spherical
particles at various scan rates. The CV curves of the bare CNT
spherical particles have one pair of redox peaks in addition to
the double-layer capacitive behavior as shown in Figure 6a.
These peaks arise from a faradic redox reaction between
quinone and hydroquinone and thus indicate the contribution
of the pseudocapacitance.”> With higher N doping, the CV
curve displays a larger current over the potential scan range, i.e.,
larger capacitance while the quinone—hydroquinone redox peak
intensity becomes smaller, as displayed in Figure 6b,c. The
capacitance improvement without specific redox peaks by N
doping has been explained by the pseudocapacitance obtained
by redox reactions at various sites, including the nitrogenated
groups or the carbon adjacent to the N atom.”* Additionally,
the increase in the electrical conductivity of CNTs by doping
may contribute to the capacitance enhancement, which is
confirmed by the voltage drop in the galvanostatic charge—
discharge experiment below. As the scan rate increases, the
shape of the CV curve is maintained, thus demonstrating fast
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Figure 5. N1 s XPS spectrum (dotted black line) of the (a) low-N-
doped CNT spherical particles and (b) high-N-doped CNT spherical
particles. The deconvoluted peaks of N-6, N-5, N-Q, and N-X
(colored lines) are indicated in each spectrum. (c) The N/C
composition ratio for low-N-doped CNT spherical particles and
high-N-doped CNT spherical particles.

charge—discharge capability. This result indicates fast electron
and ion transfer in the CNT particle-assembled electrodes.
The galvanostatic charge—discharge curves of bare and low-
and high-N-CNT spherical particles are measured at various
specific current densities as shown in Figure 7a—c, respectively.
First, we obtain the ohmic voltage drop in the discharge curve,
which corresponds to the resistance of the electrode. The
voltage drops for pristine and low- and high-N-CNT spherical
particles are 20.6, 6.8, and 3.7 mV, respectively, as noted in each
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Figure 6. CV curves of (a) bare CNT spherical particles, (b) low-N-CNT spherical particles, and (c) high-N-CNT spherical particles measured at
various scan rates from 10 mV/s to 1 V/s in a 1 M H,SO, electrolyte solution. (d) CV curves measured at 1 V/s for bare CNT spherical particles,
low-N-CNT spherical particles, and high-N-CNT spherical particles in a 1 M H,SO, electrolyte solution.

figure. Thus, with higher N doping, the electrode resistance
becomes smaller.”> The electrochemical impedance spectros-
copy revealed that N doping decreased the charge transfer
resistance (see Figure S4). Second, we observe that bare and
low- and high-N CNT spherical particles display similar linear
charge—discharge profiles at various current densities. Specif-
ically, the profile of high-N CNT spherical particles is more
symmetric and linear, which reveals a good capacitive
performance. The specific capacitance is calculated from the
discharge cycle of a typical voltage—time response curve using
the equation®® C = (iAt)/(AVm), where C is the specific
capacitance obtained from the discharge cycle under constant
current charge/discharge measurements, i is the constant
current, At is the discharge time, AV is the potential range,
and m is the mass of the sample. The specific capacitance at 0.2
A/g of bare and low- and high-N-CNT spherical particles is 69,
128, and 215 F/g, respectively. The cycle performance of high-
N-CNT spherical particles evaluated by the measurement of
capacitance over charging/discharging cycles reveals >99% over
1500 cycles as shown in Figure SS. Previously, N-doped,
activated graphene films have 2performed approximately 230 F/
g at the condition of 0.2 A/g.”” In the case of N-doped porous
gra}?hene—based electrodes, the specific capacitance was 145 F/
g’ Thus, the N-doped CNT spherical particles display
competitive performance compared to that of the graphene-
based electrodes.

The capacitance performance of the N-CNT spherical
particle film electrode is compared to the N-CNT films
prepared by a conventional film casting. We compare the CV
measurement of high-N-CNT spherical particles and the N-
CNT film at the same scan rate of S00 mV/s, as shown in
Figure 8. The area enclosed by the CV cycle, which is
proportional to the capacitance of spherical particle electrodes,
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is approximately 1.8 times larger than that of the film electrode.
As we have previously compared by SEM images (Figure 1 and
Figure S2), more compact packing and thereby higher density
of CNTs in the spherical particles can explain this higher
capacitance. Moreover, we compare the specific capacitances of
high-N-CNT spherical particles and N-CNT film electrodes at
various current densities. Compared to the specific capacitance
at 0.2 A/g, the specific capacitance and the current density are
151 F/g (10 times higher) and 38 F/g, respectively. Thus, the
capacitance retention is 70% for N-CNT spherical particles and
31% for the N-CNT film. It is observed that the electrode
composed of spherical particles yields hierarchical porous
structures of mesoscale pores in the spherical particles and also
of 260 nm macroscale pores among the particles. Thus, these
hierarchical porous electrodes exhibit efficient and fast charge
transport properties, which may lead to higher capacitance
retention.

Bl CONCLUSIONS

We prepared N-CNT spherical particles that display a high
specific capacitance of up to 215 F/g. We induced the compact
assembly of CNTs during the evaporation of emulsion droplets
and tuned the N doping amount by controlling the amount
ratio of N precursor/CNTs during the heat-treatment. We
prepared the assembly of N-CNT spherical particles easily by
solution-coating of a CNT spherical particle dispersion to
produce the supercapacitor electrodes. The 11.2 at. % N-CNT
spherical particles achieve a 3 times higher specific capacitance
relative to that of the bare CNT spherical particles. This high
capacitance of N-CNT spherical particle electrodes is attributed
to the enhancement of pseudocapacitance and electrical
conductivity, which are caused by the N doping. Moreover,
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Figure 7. Galvanostatic charge/discharge curves of the (a) bare CNT

spherical particles, (b) low-N-CNT spherical particles, and (c) high-N-
CNT spherical particles at various current densities from 0.2 to 5 A/g.

the specific capacitance of N-CNT spherical particles produces
a 1.8 times higher specific capacitance over conventional CNT
films; this result confirms the morphological advantage of the
CNT packing and the hierarchical porous structure. Our
approach allows a facile and high throughput production of
high performance electrodes from CNTs that are commercially
available. Moreover, our approach can be extended to produce

spherical particles consisting of other nanostructured carbon
materials and their composites.
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