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Carbon nanotube gels with large specific surface areas are promising for use as electrode materials for supercapacitors.

Public summary

m Elastic carbon nanotube aerogels were fabricated via a simple hydrothermal-carbonization process using the Te NWs as
the sacrificial template.

m The inner diameter of the carbon tube can be controlled by controlling the diameter of the tellurium nanowires.

m The unique properties of the hollow structure provide carbon nanotubes with better capacitive performance and cycling
stability.
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Abstract: A three-dimensional elastic carbon nanotube aerogel is fabricated via a simple solution-based strategy using Te
nanowires as templates, which can be recycled. The pipe diameter and wall thickness of the carbon nanotube are strongly
dependent on the diameter of the Te nanowires and carbon source. The obtained free-standing carbon nanotube aerogel
with a large specific surface area (up to 1865 m*g") is promising as an electrode material for supercapacitors. After com-
bination with MnO,, the capacitor exhibits a specific capacitance of 360.4 F-g"' at a current of 1 A-g" and retention of 97%
after 2000 cycles. The high power capabilities and good stability make it a promising candidate as an electrode for super-
capacitors.
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1 Introduction nanotube aerogel with controllable pipe diameter and wall
thickness, which serves as a promising electrode material
without binding substances for high-rate electrochemical ca-
pacitor applications. This bifunctional and elastic carbon nan-
otube aerogel is fabricated via a simple hydrothermal-carbon-
ization process using Te nanowires (Te NWs) as a template,
exhibiting a large number of micropores (<1 nm) and meso-
pores (>2 nm and <50 nm), followed by a high-temperature
annealing to obtain the large-specific-surface-area carbon
nanotube aerogel (up to 1865 m* -g™).

In recent decades, the application of carbon materials as elec-
trode materials for electrochemical capacitors and Li-ion bat-
teries has attracted considerable interest owing to their excel-
lent electrical conductivities, large surface areas, chemical
stability, simple processing, and relatively low cost!. Vari-
ous carbon materials are used as electrode materials, includ-
ing activated carbons (ACs)" "), carbon nanotubes!* ", tem-
plate carbons!”*", and graphene” ™.

ACs are the mostly widely used electrode materials be-
cause of their large surface areas and relatively good electric- .
al properties. However, their large pore volumes lead to low 2 Materials and methods
material densities and conductivities, and thus to low volu-

metric energy densities and loss of power capability. In addi- 2.1 Materials

tion, the large active surface areas may increase the risk of de- Sodium tellurite (99%), poly(vinyl pyrrolidone) (PVP, My, =
composition of the electrolyte at the active spot positions. 30000), acetone (99%), ethylene glycol (99%), hydrazine hy-

Carbon nanotubes, owing to their unique pore structures, drate (85%), ammonia (25%—28%), and glucose (99%) were
superior electrical properties, and good mechanical and purchased from Shanghai Reagent Company (China). All
thermal stabilities, have attracted considerable attention for chemicals were used without further purification.

supercapacitor electrode applications. Despite the excellent
properties, the limited surface area of carbon nanotubes re-
stricts their use as high-energy-performance electric double- In a typical synthesis, 0.9220 g of Na,TeO; and 10 g of PVP
layer capacitors. In addition, the difficulties in purification =~ Wwere dissolved in 280, 230, 180, and 150 mL of ethylene
and high cost of production hinder their practical glycol and 50, 100, 150, and 180 mL of acetone, and then

2.2 Synthesis of Te NWs with different diameters

applications®. The templating method is effective in produ- 16.5 mL of hydrazine hydrate and 33.5 mL of ammonia solu-
cing carbon nanostructures with well-controlled narrow pore tion were added and stirred at room temperature under
size distributions, ordered pore structures, large specific sur- strongly magnetic conditions to form a homogeneous solu-
face areas, and interconnected pore network, making them tion. The solution was then transferred to a 500 mL Teflon-
promising candidates for supercapacitor electrode materials. lined stainless-steel autoclave, sealed, and heated at 180 ‘C
To address these problems, a simple solution-based for 3 h, which yielded Te NWs with average diameters of 10,

strategy is introduced to prepare a bifunctional carbon 20, 40, and 80 nm.
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2.3 Synthesis of carbon nanotube gels

The carbon nanotube gel was templated with Te NWs. 380
mL of the Te NW solution was settled down with 750 mL of
acetone, and then the Te NWs were dissolved in 40 mL of de-
ionized water. 2.5 g of glucose was then added to the aqueous
solution of the above Te NWs and magnetically stirred at
room temperature for 15 min. The carbon nanotube hydrogel
was obtained by reaction in a 50 mL reactor at 180 °C for
24 h. The hydrogel was soaked in ethanol to remove impurit-
ies, and then supercritically dried to obtain the precursor of
the carbon nanotube gel. The carbon nanotube gel was ob-
tained by heating at 900 ‘C for 2 h in an inert gas atmosphere.

2.4 Fabrication of supercapacitors

The carbon nanotube gel was cut into 1.0 cm x 1.0 c¢cm thin
slices with a thickness of 1.0 mm. Two sheets of the same
quality were taken and soaked in 1 mol-L™" of H,SO, for 1 h.
A platinum sheet was used as a current collector. The capacit-
or was assembled by the two-electrode method and placed in
a 1 mol-L™ H,SO, solution for testing.

2.5 Fabrication of Li-ion batteries

The carbon nanotube gel was cut into slices with a diameter
of 10 mm and thickness of 1.5 mm. The carbon nanotube
flakes were then dried in a vacuum drying oven at 80 ‘C and
placed in a glove box for battery assembly. The inside of the
glove box was an argon atmosphere. The concentrations of
water and oxygen should be controlled below 0.1 ppm. A half-
cell was assembled using a lithium sheet as a positive elec-
trode, glass fiber purchased from Whatman as a separator,

(a)
Physical template Superecritical drying
oy oy

Te@C

Te NWs

and LiPF; as an electrolyte.
2.6 Characterization

Scanning electron microscopy (SEM) images were acquired
using a Zeiss Supra 40 microscope at an accelerating voltage
of 5 kV. Transmission electron microscopy (TEM) images
were acquired using a Hitachi H7650 microscope operating at
an accelerating voltage of 120 kV using a charge-coupled
device imaging system. Energy-dispersive spectroscopy
(EDS) and high-resolution (HR) TEM measurements were
carried out using a JEM-ARM 200F transmission electron mi-
croscope at an accelerating voltage of 200 kV. X-ray diffrac-
tion (XRD) was carried out using a Philips X'Pert Pro Super
diffractometer equipped with a graphite monochromatic Cu
K, radiation (1 = 1.54056 A). A thermogravimetric analysis
(TGA) was carried out using a Perkin Elmer Diamond
TG/DTA instrument at a heating rate of 10 ‘C-min' and nitro-
gen flow rate of 50 mL-min™. X-ray photoelectron spectro-
scopy (XPS) was carried out using an ESCALAB-MK-II X-
ray instrument with Mg K, rays (1.2536 eV).

2.7 Electrochemical characterization

Cyclic voltammetry (CV) curves were measured at different
scan rates using a CHI 760D electrochemical workstation.
Galvanostatic charge—discharge curves were measured at dif-
ferent current densities. The impedance was measured in the
range of 10 mHz to 100 kHz at a full current amplitude of 5
mV. CV curves of the cells were measured using an Autolab
PG302N in a voltage range of 0.1-3.0 V at a scan rate of
0.05 mV-s™. Cycling performance curves of the batteries were
measured using an Arbin BT-1 system.

Carbon Tube

Fig. 1. (a) Schematic of the typical synthesis of the carbon tube. (b,c) TEM images of the Te@C fiber (Te NWs coated with a uniform carbon shell) at
different magnifications. The inset of (c) shows a HRTEM image of the inner Te NW. (d—f) Maps of the Te@C nanocable. (g) Corresponding selected-

area electron diffraction pattern of a Te@C nanowire cable.
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3 Results and discussion

Fig. 1a shows the preparation steps of carbon tubes. Using Te
nanowires as sacrificial templates, the hollow carbon nan-
otubes were synthesized via hydrothermal and carbonization
process. The structure of Te@C nanocables was investigated
by TEM. As shown in Fig. Ib, Te NW was coated with a uni-
form carbon shell. Fig. Ic shows the HRTEM image of
Te@C nanocables. The inset shows that the lattice spacing is
5.9 A. From the elemental mapping of Te@C nanocables
(Fig. 1d—f), the structure of Te@C was successfully synthes-
ized, and the elements of Te and C were uniformly distrib-
uted in the inner and outer, respectively. The corresponding
selected-area electron diffraction pattern of a Te@C nanowire
cable(Fig. 1g) shows the lattice of the (110), (101), (003)
planes, further confirming the crystal structure.

The specific surface area of a carbon material is mainly de-
termined by the number and size of the aperture. To prepare
carbon nanotube aerogels with different inradium, we start
with the synthesis of ultrathin Te NWs with different diamet-
ers as a sacrificial template (Fig. 2a—d). The synthetic method
of Te NWs with different diameters is shown in Supporting
information®”. Their purity is confirmed by SEM images
(Fig. S1) and XRD patterns (Fig. S4a). A simple hydrotherm-
al process was employed to coat a uniform carbon precursor
shell onto the Te NWs. Fig. 2e,f show that the thickness of
the tube wall decreases when the diameter of the Te NWs in-
creases. The smallest thickness of the tube wall was 2 nm
(Fig. S2). We could precisely control the thickness of the tube
wall by adding different quantities of glucose. We used Te-40
as a template and added different quantities of glucose. We
obtained a series of carbon nanotubes with thicknesses of the
tube wall of 10 to 80 nm (Fig. S3). After the carbon nan-
otubes were dried by supercritical carbon dioxide (scCO,), a
high-temperature (800 °C) annealing was carried out for car-
bon precursor shell carbonization. Simultaneously, the Te

template was removed because the melting point of Te (452
‘C) is considerably below the carbonation temperature. The
XRD pattern of the carbon nanotubes demonstrates that the
Te element was completely removed (Fig. S4b).

The electrochemical capacitive performances of our free-
standing carbon nanotube aerogel (1.0 cmx 1.0 cm) without
any binder or conductive agent were evaluated in a 1.0
mol-L™" H,SO, aqueous electrolyte using a two-electrode sys-
tem. Typical CV curves at 50 and 100 mV-s™ for all samples
are shown in Fig. 3. The CV curves in Fig. 3a,b show that the
carbon nanotube-x (x = 10, 20, 40, 80) exhibits a nearly rect-
angular curve at a potential scan rate of 50 mV-s™' and even at
a high scan rate of 100 mV's™ though with a few humps be-
cause of the pseudocapacitive process. The largest rectangle
area separated from the CV curve represents the electrical
double-layer (EDL) capacitance, while the remaining part
corresponds to the pseudocapacitance. According to the CV
curves of the carbon nanotube-x (x = 10, 20, 40, 80), the EDL
capacitance increased with the inradium owing to the effect-
ive specific surface area. We evaluated the specific surface
area of the carbon nanotube-x (x = 10, 20, 40, 80) aerogel by
the Brunauer-Emmett-Teller (BET) method. The carbon nan-
otube-x (x = 10, 20, 40, 80) aerogels exhibited combined N,
adsorption/desorption isotherms, with large specific surface
areas of 501.5, 508.6, 1864.6, and 1762.7 m*g', respectively.
The type-I adsorption and type-H2 hysteresis loop indicate
micropores and mesopores, respectively (Fig. S5a). The pore
size distribution obtained by the density functional theory
method further confirms the hierarchically porous structure
mainly consisting of micropores (<1 nm) and mesopores (de-
pending on the tube diameter of the carbon nanotube) in a
pore width range of 0.4—130 nm (Fig. S5b). According to the
BET test, the carbon nanotube-40 exhibited the largest specif-
ic surface area, which may be attributed to the large number
of micropores (~0.6 nm) and large-scale mesopores (~2, 40,
80 nm) (Fig. S5b). In contrast to the carbon nanotube-40, the

Fig. 2. Morphology control of the tubular carbon aerogel. (a—d) TEM images of Te NWs with different diameters of 10, 20, 40, 80 nm, respectively. (e,f)
TEM images of the Te@C fibers obtained with Te NWs with different diameters as templates. (i-1) TEM images of the carbon nanotubes with different
pipe diameters and wall thicknesses obtained using the Te@C precursor (e,f) by a high-temperature annealing.
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Fig. 3. Electrochemical performances measured in a two-electrode system. Cyclic voltammograms of the carbon nanotube-10, carbon nanotube-20, car-
bon nanotube-40, and carbon nanotube-80 at scan rates of (a) 50 mV-s"and (b) 100 mV-s™. (c) Galvanostatic charge—discharge curves at 1 A-g™. (d)

Volumetric capacitances at different current densities.

carbon nanotube-10 and carbon nanotube-20 almost do not
have mesopores, which could be attributed to the small tube
diameter. The lack of micropores in the carbon nanotube-80
may be attributed to the too small wall thickness. Hence, we
developed a simple and rapid template method to produce a
carbon nanotube aerogel. A considerable improvement in the
specific surface area of the carbon nanotube aerogel was
achieved, making it a promising candidate for electrode ma-
terials of supercapacitors.

To demonstrate that the inradium has an important influ-
ence on the performances of the supercapacitors, we em-
ployed the galvanostatic charge—discharge method, a more
reasonable method than the CV test for the determination of
the specific capacitance. We carried out galvanostatic
charge—discharge tests at various current densities. Fig. 3¢
shows that the discharge time increased with the change from
the carbon nanotube-10 film to the carbon nanotube-80 film,
which agrees with the above CV tests. The gravimetric capa-
citances of the carbon nanotube-10, 20, 40, 80 films at 1 A-g”'
are 37.3, 81.6, 193.2, and 290.5 F-g', respectively. The gal-
vanostatic charge—discharge curves of the carbon nanotube-
10, 20, 40, 80 at different current densities are shown in
Fig. S6.

The gravimetric capacitance of the carbon nanotube-80
film was improved by a factor of approximately 8 compared
to that of the carbon nanotube-10. The carbon nanotube-80
had the highest capacitance mainly owing to the thin wall,
which makes the transport of ions smoother. A perfect super-

64

capacitor should deliver the same energy under any operation
conditions. Thus, it is important to investigate the capacit-
ance retention at higher current densities. The relationships
between the specific capacity and charge/discharge current
density measured in a two-electrode system are presented in
Fig. 3d. Slight decreases in the specific capacities of the car-
bon nanotube-20, 40, 80 were observed as the current density
increased from 0.5 to 100.0 A-g”', which indicates that this
electrode material exhibits a good capacitance retention cap-
ability. The specific capacity of the carbon nanotube-80 at
10.0 A-g™' was 249.0 F-g™', ~85.7% of the value at 1.0 A-g™',
which also shows that the specific capacitance of the carbon
nanotube-x (x = 20, 40, 80) was not kinetically limited. The
excellent retention capability, except that of the carbon nan-
otube-10, indicates that the suitable size distribution of the
meso/micropores is beneficial for the formation of the elec-
tric double layer and improvement in the speed of ions in the
electrolyte when the tube diameter of the carbon nanotube is
not smaller than 20 nm. The charge—discharge profiles at cur-
rent densities of 0.5 to 10 A-g™' (Fig. S6) are almost linear and
symmetrical, which also indicates a high Columbic efficiency.

Thus, our carbon nanotubes are suitable as a supercapacit-
or electrode. To demonstrate that this material can be used as
a good matrix material and further improve the performance
of the capacitors, we load MnO, on the surfaces of the car-
bon nanotube fibers. MnO, could be an excellent electrode
material for supercapacitors because of its high specific capa-
citance, low cost, and environmental compatibility® .. The
SEM and TEM images in Fig. 4 show the MnO, uniform
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growth on the surface of the carbon nanotube fibers without mV-s™ are as those of the carbon nanotube-x electrodes, with
granules. We also evaluated the electrochemical capacitive a higher gravimetric capacitance of 360.4 F-g"' at | A-g”'". The
performances of MnO,@carbon nanotube-40 in a two-elec- specific capacity at 10.0 A-g™' was 293.4 F-g”', ~81.4% of the
trode system. The typical CV curves in Fig. 5a at 50 and 100 value at 1.0 A-g”', which indicates that this electrode material

Fig. 4. (a) SEM image of the carbon nanotube-40. (b) SEM image of the MnO,@carbon nanotube-40. (¢) TEM image of the MnO,@carbon nanotube-40.
(d) TEM image of the MnO,@carbon nanotube-40 at a high magnification.
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Fig. 5. Electrochemical performances measured in a two-electrode system. Cyclic voltammograms of the MnO,@carbon nanotube-40 at scan rates of 50
and 100 mV-s ™. (b) Galvanostatic charge—discharge curves of the MnO,@carbon nanotube-40 at different current densities. (c) Volumetric capacitances
of the MnO,@ carbon nanotube-40 and carbon nanotube-x (x = 10, 20, 40, 80) at different current densities. (d) Triangular shapes of the first and 2000th
cycles.
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exhibits a good capacitance retention capability (Fig. 5b).
Further, we studied the durability of the MnO,@carbon nan-
otube-40 electrode to characterize the long-term charge/dis-
charge behavior at a current density of 1.0 A-g™' by a galvano-
static charge/discharge measurement. The triangular shape of
the 2000th galvanostatic charge/discharge cycle, shown in
Fig. 5d, shows that the specific capacitance is approximately
343.5 F-g! (above 95.3% of the initial capacitance). Thus, our
carbon nanotubes can be used as a good supporter to carry
other materials.

Table 1. Comparison of carbon-nanotube-based supercapacitors.

Table 1 compares our carbon nanotube gel supercapacitor’s
specific surface area, specific capacitance, and cycling per-
formance to those of reported supercapacitors. The gel pre-
pared in this study has a specific surface area largely exceed-
ing those of other supercapacitors, which ensures an excel-
lent specific capacity without complex modification and load-
ing. In addition, it has an excellent cycling stability. The high
power capacity and good stability make it a promising can-
didate for supercapacitor electrodes.

Ref. Electrode materials Specific surface area (m™>g™") Specific capacitance(F-g™') Cycles Cycling stability (%)
[34] CNT/SS @IL — 329.13 1000 91.9
[34] CNT@ IL — 107.21 1000 81.6
[35] CNT fibers 395 20.8 10000 98.3
[36] CNT@CZIFs 287 324 1000 93.5
[37] LCFA 580 300.1 5000 90
[38] CNT-COOH (oPDA-1) 27.542 147.14 1000 82

This work CNT-40 @ MnO, 1865 360.4 2000 97

4 Conclusions Biographies

A bifunctional and elastic carbon nanotube aerogel was fab-
ricated via a simple hydrothermal-carbonization process us-
ing the Te NWs as the sacrificial template. In addition, we
synthesized different carbon nanotubes by Te NWs with di-
verse diameters, which can be used for electrodes of superca-
pacitors. We obtained different carbon nanotube aerogels with
different parameters, which directly affected the specific sur-
face area and pore size distribution. The unique characterist-
ics of the hollow structure provided the carbon nanotube-80
with a better capacitive performance, high electrochemical ca-
pacitance of 290.5 F-g at a current density of 1.0 A g™, good
capacitance retention of ~85.7% at current densities up to
10 A-g”, and good cycling stability up to 2000 cycles. The
results demonstrate that the carbon nanotubes are very prom-
ising as alternative electrode materials for supercapacitors.
We believe that this material can be used in various fields,
such as electronic devices, catalysts, sensors, and hydrogen
storage materials.

Supporting information

The supporting information for this article can be found on-
line at https://doi.org/10.52396/JUSTC-2022-0065.
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