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Contrary to the helical carbon structure from pure cotton fabrics
under microwave heating and radical oxidized ignition of nano-
particles from conventional heating, magnetic carbon tubular
nanocomposite fabrics decorated with uniformly dispersed Co-
Cos30,4 nanoparticles were successfully synthesized via a microwave
heating process using cotton fabric and inorganic salt as precursors,
which have shown better anti-corrosive performance and demon-
strated great potential as novel electrochemical pseudocapacitor
electrode.

The ever increasing demand for high-power energy resources in
hybrid electric vehicles has triggered great interest in devel-
oping supercapacitors with high power supply, long term
stability and environmental benign nature. Depending on the
electroactivity of electrode materials, supercapacitors could be
either electrostatic double layer type (EDLS) without an elec-
trochemical reaction or faradic type (FS) with reactions between
electrode and electrolyte. The current FS supercapacitors
usually suffer from low power density due to the low electrical
conductivity and poor cycling stability because the redox reac-
tion occurs at the electrode.'® To overcome these challenges,
extensive attempts have been made to design novel electrode
materials. The major theme is to prepare high capacitance
materials by incorporating pseudoactive metal oxides® or
conductive polymer nanostructures* into a conductive carbon
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matrix. With combined merits of pseudoactive materials (large
faradic capacitance) and carbon (high conductivity and large
specific surface area), these composite electrodes have demon-
strated an enhanced electrochemical capacitance performance.
Higher loading of metal oxides is often required to achieve
higher energy density. Meanwhile, the charge/discharge rate
capability and cycling performance of electrodes are sacrificed
because of the large volume changes of oxides occurring during
charge-discharge cycles.” Therefore, a hybrid structure design
with individually embedded metal oxide nanostructures on a
flexible conductive substrate is desired. With such a structure,
the volume change induced inner stress between metal oxides
during charge/discharge could be avoided due to the existence
of a buffer spacing between isolated nanostructures provided by
the flexible substrate. At the same time, the electron conduction
between nanostructure and conductive substrate could be
maintained for stable cycling performance.

Besides the integration structure pattern of the pseudoactive
component and conductive substrate, the hybrid morphology
control is equally important to enhance the capacitance
performance. A porous structure is often introduced to enlarge
the reactive surface area and prompt electrolyte ion diffusion,
which allows more electroactive materials to participate in the
reaction and generates larger current density. The template
method is a general approach that has been used to synthesize
electroactive materials with porous structures, such as hierar-
chical porous graphitic carbon,® arrayed RuO, nanotubes,’
MnO, nanosheets,® Ni-NiO core-shell particles® and Au-CNT
hybrid arrays.'® However, this template approach usually suffers
from high cost and complicated operations. Methods to prepare
carbon based metal oxide nanocomposites include thermal
decomposition,* self-assembly,** electrochemical deposition,**
and layer-by-layer technique.™ All these different methods allow
a better control on nanostructures. However, they are either too
inefficient for scale-up production or require multiple skilful
processes for successful synthesis. Until now, it is still a chal-
lenge to produce porous nanocomposites with individually
dispersed nanostructures on a flexible and conductive
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substrate. Microwave with electromagnetic frequencies ranging
from 0.3 to 300 GHz has been a promising technology for
manufacturing nanomaterials with its extremely fast heating
and cooling rates, which could not be achieved in a conven-
tional heating process with a thermal diffusion controlled
heating rate. In the microwave heating process, the average
microwave power absorption value or the heating potential
depends on the dielectric properties of the material, frequency
of the microwave, and the electric field intensity,’> which is
given by eqn (1):

Qavg = wSOSNErmsz (1)

where Q. is the average microwave power absorption or the
heating potential in W m >, w is the angular frequency rad s,
&o is the permittivity of free space (8.85 x 10> Fm™ "), ¢ is the
relative dielectric loss factor of the absorbing media, and E, s is
the electric field intensity in V. m™~". Along a given reaction, the
reactants and intermediates can have different dielectric
constants. Microwaves could selectively couple with the inter-
mediate in the transition state and overcome the high activation
energies for product formation.'® Besides, the microwave heat-
ing reduces the overall thermal gradients in the reaction and
thus yield more uniform products.'” Various unique nano-
structures have been synthesized using microwave energy, for
example, core-shell Au-Pd bimetallic and Fe-cementite nano-
particles,” ZnS and ZnSe nanowires, CdSe nanorods," CoFe,0,
nanoparticles,”® Coz0, rods,” and tellurium nanorods and
nanowires.” To the best of our knowledge, this is the first report
on the carbon fabric nanocomposite made from microwave
heating for electrochemical energy storage.

Here, magnetic carbon microtubular nanocomposites with
Co-Co30, nanoparticles synthesized by a microwave energy
assisted heating method was reported and compared with the
conventional heating process. Briefly, commercial T-shirt
cotton fabric and cobalt nitrate served as carbon and cobalt
precursors, which were converted to carbon fabric nano-
composites with doped metal/metal oxide nanostructures by
both the microwave heating process (the products denoted as
MTNs) and conventional heating process (the products denoted
as MTNs-C). The detailed synthetic procedures are described in
the ESI, S1.2.f These composite electrodes, envisioned to
combine pseudocapacitance of decorated metal oxide nano-
particles and electrostatic double layer capacitance of carbon
matrix, are characterized using different techniques such as
cyclic voltammetry, galvanostatic charge/discharge and electric
impedance spectroscopy, and their electrochemical energy
storage performances are evaluated.

Fig. 1 shows the SEM images of nanocomposites synthesized
from microwave heated Co(NO;),-cotton fabrics. FT-IR spec-
trum analysis reveals that the organic functional groups of the
cotton fabric have been eliminated and converted to carbon,
Fig. S1.T The open tube structure could be clearly observed,
Fig. 1a. The microtubes exhibit an average diameter of about
10 pm and length of larger than 100 um. Fig. 1b shows the
particle distribution on the microtube. The particles are either
uniformly distributed on both sides of the tube surface or
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Fig. 1 SEM images of (a) microtube shaped MTNs, (b) magnetic nanoparticles
embedded in the carbon microtube wall and partially adhered to the surface.

embedded on the tube wall. This unique open structure endows
an efficient charge transfer between the nanoparticles and
electrolyte. Meanwhile, the carbon matrix serves as a cushion to
reduce the structural damage from the volume change of the
nanoparticles during the charge/discharge process.”® Mean-
while, it is interesting to observe that the cotton fabric (without
doping) after microwave annealing are mostly helical rather
than tubular in structure, Fig. S2a and b,T indicating that the
doping materials have a significant effect on the formation of
microtubular structure.

Fig. 2a shows a typical transmission electron microscopy
(TEM) image of MTNs. The nanoparticles are individually
dispersed in the carbon matrix with an average diameter of
43.5 nm. Using a conventional annealing process in the tube
furnace using H,(5%)/Ar purging gas at the heating rate of 10 °C
min~' and naturally cooling down, the final products were
burned out immediately after exposing to air, indicating that
the as-produced nanoparticles were not well protected by a solid
carbon shell. Following the same procedure but switching the
purging gas to ultra-high purity nitrogen, the final products
were observed to be more stable in air. However, the particle

50 nm 50 nm

Fig. 2 EFTEM images of the MTNs: (a) zero loss image, (b) Co mapping, (c) C
mapping, and (d) O mapping.
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size distributes in a much wider range together with serious
agglomeration, Fig. S3.T These phenomena further demonstrate
that microwave heating reduces overall thermal gradients in the
reaction and thus causes more uniform products.”” Further-
more, both MTNs from microwave heating and MTNs-C from
conventional heating were subjected to an anti-corrosion test in
1.0 M HCI. Results reveal that the MTNs exhibit much better
stability in acidic solution than that of MTNs-C, Fig. S4.f The
pink MTNs-C vial indicates that the cobalt nanoparticles have
reacted with HCI, while the MTNs vial still remains colorless
indicating that the Co nanoparticles have been well protected by
the carbon shell and thus exhibit excellent stability in corrosive
media. Attracted by the unique structural and chemical prop-
erties of MTNs, energy filter TEM (EFTEM) was conducted to
identify the elemental distribution. The strong contrast of Co
mapping clearly indicates that the Co element is individually
distributed on the carbon substrate, Fig. 2b. Microwave energy
initiates a uniform nucleation and fast nanoparticle growth
once overcoming the thermodynamic barriers.** Fig. 2c shows
a continuous carbon substrate with closed holes of the exact
size of nanoparticles, revealing that the nanoparticle growth
penetrates into the carbon substrate without breaking the
carbon continuity. This is critically important to maintain the
flexibility of MTN fabrics. The O mapping, Fig. 2d, matches
the shape of the nanoparticles in Fig. 2b, revealing partial oxi-
dization of the Co nanoparticles.

During annealing, the graphitized carbon either grows along
the magnetic nanoparticle surface to form a compact core-shell
structure or grows out of the surface to form a hollow tube
structure. The high-resolution TEM (HRTEM) image, Fig. 3a,
reveals the core-shell structure of the magnetic nanoparticles
with a saturated magnetization of 62.0 emu g~ ', Fig. S5, where

Co (200)

Co (111)

t-

.

éo (220)

Fig. 3 TEM of (a) the core—shell structure of MTNs, (b) lattice fringe of Co and
Co30y, (c) nanotube-like structure grown on particle surface, and (d) selected area
electron diffraction (SAED) pattern.
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the magnetic core is covered by a compact graphitized carbon
shell with an interplanar spacing of 3.50 A. The shell thickness
is about 6 nm. Focusing on the inside magnetic core, Fig. 3b,
the clear lattice fringe of 2.05 A indicates the (111) crystal plane
of Co (PDF#15-0806). In the inset of Fig. 3b, which shows the
edge of the magnetic core where graphitic carbon is not fully
covered, a lattice fringe of 2.42 A reveals the (311) crystal plane
of cobalt oxide (PDF#42-1467). All these results demonstrate
that the magnetic core is a combination of cobalt and cobalt
oxide, which has been further confirmed by XRD analysis,
Fig. S6.T Fig. 3c shows a unique graphitized carbon nanotube-
like structure growing from the catalytic Co nanoparticle
surface. The tube growth mechanism follows a base-** rather
than tip->* growth model since the catalyst particles are not
observed at the tip or middle of the tube. This unique structure
prevents particle agglomeration and thus more of the oxide
surface could be exposed and utilized as reaction sites to
improve the capacitance performance. Selected area electron
diffraction (SAED) pattern of the MTNs, Fig. 3d, only shows the
crystalline planes of the Co (111, 200, and 220) (PDF#15-0806)
while Co;0, is not clearly observed probably due to the fact that
the area taken for SAED is well protected by a compact carbon
shell so that oxidation did not occur in that specific area.
Further evidence confirming the existence of Coz;O, in MTNs
comes from the Raman spectra analysis, Fig. S7,T where the
characteristic Eg, Fzgl, A;; modes of Co;0, crystalline structure
were identified.*®

To highlight the merits of this hybrid architecture serving as
supercapacitor electrode, the electrochemical tests were carried
out in a three-electrode configuration with a Pt wire as counter
electrode and a standard calomel reference electrode in 1.0 M
KOH electrolyte. Fig. 4a shows the cyclic voltammograms (CVs)
of MTNs at voltage scan rates of 5-100 mV s~ . The shape of the
curves for MTNs indicates that the capacitive characteristic is
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Fig. 4 (a) Cyclic voltammograms, (b) charge/discharge, (c) electrochemical
impedance spectroscopy (EIS) and the inset shows the equivalent circuit model for
the impedance spectra, and (d) cycling performance of MTNs in 1.0 M KOH
electrolyte.
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typically a pseudocapacitor, which is different from that of an
electric double-layer capacitor with rectangular CV curve.» It
was found that the CV integrated area of MTNs is apparently
larger than that of pure carbon electrode at the same scan rate,
Fig. $8,T which is due to the redox reaction between the Co30,
nanoparticles and OH™ from the electrolyte. The Co is not
involved in the electrochemical reaction. This enlarged CV area
leads to a much larger pseudocapacitance of 93.4 F g™ ' as
compared to pure carbon fabric of 2.2 F g~ " at a voltage scan
rate of 5 mV s~ '. The specific capacitance is calculated using

eqn (2):
[idV

C522><m><AV><S

(@)
where C is the specific capacitance in F g™, [idV is the inte-
grated area of the CV curve, m is the mass of the electrode
material in g (80% of the total mass, refer to electrode prepa-
ration in ESIf), AV is the scanned potential window in V, and S
is the scan rate in V s~ *. Two pairs of redox peaks were observed
in each scan rate, which correspond to the reversible reactions
between different cobalt oxide states according to the following
reactions:**

Co0304 + OH™ + H,O < 3CoOOH + e~ (a)

CoOOH + OH™ © Co0, + H,O + ¢~ (b)

With increasing scan rate, two anodic peaks merge to one
peak and cathodic peaks shift toward negative potential. In
addition, the peak potential separation (AE, = Epa — Epe; Epa is
the anodic peak potential and Ep, is the cathodic peak potential)
increases with increasing potential scan rate. All these charac-
teristics suggest that the redox process is quasi-reversible rather
than a reversible reaction (peak potential will not change in
reversible reactions).?

Fig. 4b shows the galvanostatic charge-discharge curves of
MTNs measured at different current densities from 1.0-10.0 A
g~ " within the potential range of —0.3 to 0.5 V (vs. SCE) in 1.0 M
KOH electrolyte. The discharge curves display a small potential
drop at the very beginning of the discharge process, which was
caused by the internal resistance of the electrode.*® The subse-
quent slower potential decay demonstrates the pseudocapaci-
tive feature of the electrode, which is responsible for longer
charge/discharge durations and thus higher energy density.**
The specific capacitance is calculated from charge/discharge
curves according to eqn (3):

i X At

G= mx AV, )
where Cj is the specific capacitance in F g’l, i is the discharge
current in A, At is the discharge time in s, m is the mass of the
electrode material in g and AV, is potential drop during
discharge in V. The C, and the corresponding energy density (E)
and power density (P) calculated from different current densi-
ties are summarized in Table 1. E and P are calculated following
the method described in previous literature (refer to ESIT for
calculation equations).*> The highest capacitance of 92.5 F g *
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is obtained at the lowest current density of 1 A g ', which
corresponds to a very high energy density of 8.2 W h kg™ . The
superior electrochemical performance of MTNs is attributed to
the following merits: (1) most of the nanoparticles are exposed
on the microtubule surface that allows more metal oxide
nanoparticles to participate in the redox reaction; (2) micro-
tube structure of MTNs provides a fast channel for ions being
transferred from electrolyte to the inner surface of the electrode;
(3) highly conductive graphitized carbon substrate arising from
the extremely fast heating and cooling rates of microwave
annealing ensures efficient electron transportation during
charge/discharge process. The capacitance performance of
MTNs is slightly lower compared to some of the reported Co;0,
nanocomposites, such as Co;0O,/graphene® and mesoporous
Co30, nanoparticles.** Considering the limited amount of
surface metal oxides participating in the redox reaction, the
interfacial redox reaction is much more efficient than other
nanostructures. Besides, the economic raw materials, facile
processing technique and satisfactory capacitance performance
mean that MTNs are advantageous over others in terms of
manufacturing cost and long term stability.

Electrochemical impedance spectroscopy (EIS) was exam-
ined in Fig. 4c to better understand the capacitive behavior of
MTNs. The impedance spectrum is composed of one semicircle
at high frequency and followed by a linear part at low-frequency.
The semicircle at high frequency indicates the appreciable
contribution of the composite interfacial impedance. An
equivalent circuit, inset of Fig. 4c, is proposed to fit the
impedance spectra. The equivalent circuit is composed of a
solution resistance, R, a double layer capacitance, Cpy, a finite-
length Warburg diffusion element, W, an electrode/electrolyte
interfacial charge transfer resistance, R, and a faradic capaci-
tance, Cr. The complicated electrochemical process and mass
transfer occurring within the microtubule and at the interface
were simplified as interfacial impedance consisting of Cpy, in
parallel with a serial combination of W and R... The equivalent
circuit was then completed by adding this composite interfacial
impedance in series with R; and Cg. The fitting results for each
parameter are summarized in Table 1. Both R; and R are very
small, indicating a low internal resistance within the system.
The relatively larger R¢ indicates that the major resistance
comes from the electrolyte solution. The smaller R, reveals low
charge transfer resistance at the electrode/electrolyte interface
during charge/discharge, which is attributed to the tubular

Table 1 C,, £ and P of MTNs at different current densities

Current density, Cs, E, P,
Ag! Fg ' Whkg! W kg™!
1 92.5 8.2 400
81.3 7.2 800
5 60.0 5.3 2000
10 35.6 3.2 4000
RS) Q CDL» F RCt) Q w CFy F
1.88 0.008 0.62 0.93 0.63
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open structure of the electrode material with fully exposed
nanoparticles decorating the tube surface. The Cpy is negligible
as compared to Cr indicating that the faradic capacitance
dominates the whole capacitor performance arising from the
redox reaction at the interface. Cycling life tests over 1000 cycles
at 2.0 Ag " are shown in Fig. 4d. The MTNs exhibit a good long-
term stability, as 82% of the capacitance is maintained after
1000 cycles. The high cycling performance may be attributed to
the efficient buffering effect of carbon microtube that compro-
mises the volume change of Co;0, during charge and discharge
processes as well as the high electrical conductivity of the
carbon substrate.*

In conclusion, a new flexible carbon microtubule nano-
composite fabric decorated with uniform Co/Co;0, nano-
particles have been synthesized via a microwave assisted
annealing process. This hybrid fabric could be fabricated into
electrodes for wearable energy storage device applications. The
microwave assisted annealing process favors better control of
particle size and distribution uniformity than the conventional
annealing process. More importantly, the nanoparticles are
better protected from a microwave process and exhibit excellent
anti-corrosion performance in acid. These findings are very
encouraging in view of the better nanostructure control,
enhanced anti-corrosion and superior electrochemical perfor-
mance by using microwave energy. The hybrid structural design
concept is very general and can be readily applied to other
materials by simply choosing different inorganic precursors
such as Fe(NOj3); and Ni(NO3),, Fig. S2¢ and d,} to build hybrid
nano- and micro-structures with high capacitance performance,
which will be promising for a large spectrum of energy device
applications. The mechanism of the salt in controlling the
tubular structures is still not clear and needs further
explorations.
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