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Abstract:

A carbon black/MnO, nano-composite (CB/MnQ;) of coral-like architecture was
synthesized from a commercially available conductive carbon black (CB) using an
in-situ method. The morphology and structure analysis of the synthesized CB/MnO,
revealed 10 nm thick MnO, nano-sheets grown on the CB. The MnO; nano-sheets of
poor-crystalline 6-MnQO, birnessite structure assembled into a coral-like architecture.
Energy dispersive X-ray (EDX) microanalysis showed high Mn content in the
composite. The electrochemical tests using the synthesized the CB/MnO, showed a
specific capacitance of 946F/g at a current density of 0.3A/g, which was much higher
than that of the composites reported in the literature. Under a current density of 30A/g,
the CB/MnO; electrode was shown to retain a high specific capacitance after 5000

charge/ discharge cycles. The results from this study demonstrate that the CB/MnO,
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nano composite materials of coral-like architecture fabricated with commercially
available CB and MnQO,; achieved a good electrochemical performance, exhibiting

promising application prospects.
1 Introduction:

The rapid depletion of non-renewable fossil energy sources along with severe
pollution and greenhouse emission due to their industrial utilization have caused an
exponential increase in searching for renewable and clean energy sources, such as
solar, wind, hydro, etc. "> In order to make full use of the power produced by
renewable energy, it is necessary to develop advanced energy storage technologies’.
Supercapacitors and lithium-ion batteries are known new energy storage devices that
are currently being researched widely to improve their performance and
affordability’'’. Lithium-ion batteries have a distinct advantage in terms of energy
density, which is favorable for electric vehicles, hybrid cars, etc. 12 However, the
current lithium-ion batteries suffer from not only a low power discharge density and
slow charging speed, but also poor safety performance, which severely limits their
use'™ '*. In contrast, electric double layer (EDL) supercapacitors feature a good
discharge power density and great safety performance, "' but suffer from low energy
density™ '°. In order to increase the energy density of EDL supercapacitors, an
asymmetric electrode supercapacitor has to be made to achieve a stable cycling

performance' ™"’

Another approach is to fabricate symmetric electrode
supercapacitors by employing pseudo-supercapacitor materials with EDL

supercapacitor materials, such as transition metal oxide hybrids with a carbon-based
2
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material. > The large pseudo capacitance of the transition metal oxides and the high
cycling properties of the carbon based materials is an advantage. 13, 2630

There has been extensive research on carbon nanotubes (CNTs) and graphene,
which demonstrated good performance, including infinite carrier concentration
density, good electric conductivity, large specific surface area (SSA), good corrosion

14,25, 28, 3135 Ty date, it has been

resistance and excellent mechanical properties
reported extensively in the literature that graphene hybrid MnO, composite3 63% and
CNT-fabricated MnO, composites '*****° have good energy capacity and high power
density and long-term cycling stability. ***!

The good electrochemical performance of hybrid electrode materials fabricated
with graphene or CNTs and MnO; has been attributed to the good conductivity of
carbon-containing materials, 4243 huge SSA, 46 great chemical durability and the
special structure constructed by the graphene or CNT with MnO; on a nanometer

347 which presents an intimate contact between the carbon material with the

scale,
transition metal oxide. ***” This special structure efficiently accumulates and utilizes
the charges created by the surficial pseudo-capacitance reaction of the MnO,. ** It
should be noted that both the graphene and the CNTs are very expensive, * and they
often contain impurities from their production processes which generate chemical
waste. °° The Hummers method employed to produce graphene uses a large amount of
sulfuric acid, hydrochloric acid, potassium permanganate, etc. °' All these substances

need to be removed from the graphene oxide solution, which inevitably generates

hazardous waste to the environment.
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Commercially available high conductivity carbon black (CB), commonly used as
a conductive agent when assembling lithium ion battery or supercapacitors,sz'54 is
cheap (about $15 per kilogram of coconut shell and activated carbon supercapacitor

4936 1n addition to chemical

that the manufacturers use) > and readily available.
durability, the conductivity and SSA of CB is around 6000 S/m and 1200 m*/g,
respectively, it is common and comparable with that of the reduced graphene oxide or
CNTs, if not better. In this paper, we propose the use of high conductivity CB as a
base material to grow MnQO; with a coral-like morphology. In this structure, the CB
acts as an EDL material, while the MnO, nano-layer grown on the CB functions as a
pseudo-capacitive material in the formed coral globular structure and is intimately
combined as a CB/MnO, composite material. The coral structure creates a large SSA
and possibly a high specific capacitance due to the occurrence of adequate
pseudo-capacitive reaction of MnO,. °” The high conductivity and huge SSA of the

CB provide an unobstructed charge transport channel. *® The efficient collection of

charge through these transport channels results in a high specific capacitance or

energy density, while preventing the structure collapse caused by charge accumulation.

These distinct features are desirable for the high cycle stability of the coral like

58-60

CB /MnO; battery materials.

2. Experimental Section

2.1 Preparation of the coral like CB/MnO; nano-sheet composites:
The method to prepare the MnO, nano-layer was based on previous research. '

In this in-situ method, commercial CB was used as a scaffold on which a MnO,
4
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nano-layer grew, producing a coral spherical CB/MnO; nano-sheet composite material.
Under moderate stirring, 0.1 g of CB was added to 100 ml of a IM KMnQO, aqueous
solution, followed by a drop wise addition of a 2 ml solution of 0.05M sodium
dodecyl benzene sulfonate (SDBS). The mixture was stirred for 15 min and then
sonicated in an ultrasonic bath for 30 min. The resulting solution was stirred at high
speed for 3 min before being transferred into a 150ml autoclave and heated at 160°C
for 5 h. The final product was filtrated and washed with 200 ml of ethanol and 500 ml
of deionized water. After drying at 80 °C for 24 h and pulverizing, the round coral
CB/MnO; nano-sheet composite powder was obtained.

2.2 Material characterization.

Transmission electron microscopy (TEM), scanning electron microscopy (SEM)
and X-ray diffraction (XRD) were used to characterize the texture, morphology and
chemical structure of the CB and CB/MnO, nano-sheet composite. TEM
measurements were carried out on a JEOL 200 TEM at 100 kV and a Tecnai G2 F20
S-TWIN TEM at 200 kV. TEM samples were prepared by dropping a small volume of
a diluted suspension on a 300 mesh copper grid covered with a thin amorphous carbon
film. SEM measurements were carried out on a HITACHI S-4800 SEM. The SEM
samples were prepared by dropping ethanol-dispersed samples onto a conductive Si
plate, followed by the evaporation of the solvent at room temperature. The XRD
patterns of CB, MnO, and the CB/MnO; nano-sheet composites were recorded on a
Rigaku Dmax 2400 X-ray diffractometer. The X-ray photoelectron spectroscopy (XPS)

technique (Thermo escalab 250Xi) was employed to measure the chemical state and
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electronic state of element Mn in CB/MnQO, nano-sheet composite.
2.3 Measurement of the electrochemical properties:

1, 58 .
’ the electrochemical measurements were

As indicated in the literature,
conducted in a three-electrode system, using platinum sheet as counter electrode, an
AgCl/Ag electrode as the reference electrode and a glassy-carbon electrode as the
working electrode coated with samples which were impregnated with a 5% nafion
solution. The working electrode was prepared by casting a nafion-impregnated sample
onto a glassy-carbon electrode of 5 mm in diameter. Typically, a 20 mg sample was
dispersed in 20 ml of ethanol solution containing 30 ul 5 wt.% nafion in water under
ultra-sonication for 15 minutes. A certain amount of sample solution was then placed
onto the glassy-carbon electrode and dried at room temperature before the
electrochemical test. The CB/MnO; nano composite material on the glassy-carbon
electrode was about 10 microgram. The three-electrode system was used to evaluate
the electrochemical performance by cyclic voltammetry (CV) and galvano-static

charge-discharge measurements on a CHI 660A potentiostation at 25°C. The

electrolyte was a 2 M Na,SO4 aqueous solution with pH=10.

3 Results and Discussion

Employing SEM and TEM, the morphology and texture of CB and CB/MnO,
nano composite material were determined. The morphology of CB and CB/MnQO; is
shown in Figure 1. Figure 1a shows the spherical shape and smooth surface of the CB
with an average diameter of about 30nm. Figure 1b shows the CB/MnO, morphology

at the same scale as in Figure 1a where a uniform coral like MnO, nano-layers on the
6
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surface of the CB can be observed. It can be seen that the MnO, grew on the surface
of the CB and the size of the CB/MnO, was much larger than that of the original CB
particles. Figure 1c¢ and Figure 1d show the morphology of CB/MnO, nano composite
particles before and after a long-term charge-discharge test at 30 A/g, respectively.
Figure lc shows a thickness of the MnO, nano-layer around 10 nm, featuring a
coral-like architecture and an infrangible structure integrated with CB. The coral-like
configuration of CB/MnQO,, presents a multiple-void structure which can
accommodate multiple electrolytes and facilitate the adequate pseudo-capacitive
reaction from MnO,, and consequently enhancing the electrochemical performance. **
63 Comparing Figure 1¢ with Figure 1d, it can be observed that after a long-term high
current density charge-discharge process the structure of the CB/MnO, nano
composite material does not change significantly. This observation demonstrates that
the coral architecture of the CB/MnO, with MnO, grown on conductive CB has a
good electrochemical stability, which was proven by the results of the following

electrochemical tests.

2.00um
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Fig. 1 SEM images of CB/MnO; and CB. a and b correspond to the images of CB and CB/MnO,
composite at the same magnification, respectively. ¢ and d show SEM images of CB/MnO,
composite electrode before and after long-term charge-discharge tests.

Fig.2 TEM images of CB/MnO,. a shows the general image of CB/MnO,, the small map insets in
image a are CB (left) and CB/MnO, (right) with a scale bar of 50 nm. b shows the EDS spectrum
of CB/MnQO,, the diagrams are the element content maps of Mn, O and C from the top to the
bottom. ¢ and d are the HRTEM images of the CB/MnO, nano composite particles.

Figure 2 shows the TEM images and energy dispersive X-ray spectra (EDX) of
the CB/MnO, nano composite particles as prepared. Two small maps of the same
scale in the inset of Figure 2a correspond to CB (left) and the CB/MnO, nano

composite particles (right). The EDS scanning map of the CB/MnO; nano composite
8
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particles is shown in Figure 2b, where the yellow diagram represents the map of Mn;
the brown the map of O; and the red one, the map of C. The mass percentage of MnO,
in the CB/MnO, composite was 89.40 wt%, which can be seen in the EDX test result.
In the CB/MnO; nano composite particles, the C content was the lowest, while the Mn
content was the highest. Figure 2c¢ shows poor crystallinity or the amorphous nature of
MnO; in the CB/MnO; nano composite particles. The image of electron diffraction
lattice stripe measurement in Figure 2d also shows the relatively weak crystallinity of
the CB/MnO;, nano composite particles. The poor crystallinity of MnO, may be
attributed to the extremely thin nature of nano MnQO,; sheets in the CB/MnQO, nano
composite particles. The thickness of the MnO, sheet on the CB/MnO, nano
composite particles was estimated to be only around 10 nm. The thin nature of these
nano-sheets limits the repeating arrangement of the MnQO, lattice, a great limitation of
the current preparation method of the CB/MnO; nano composite particles. Despite the
poor crystallinity, the lattice spacing of the nano MnO, sheet was estimated from the

image in Figure 2d to be 0.275nm.



Intensity (a.u.)

Intensity (a.u)

RSC Advances

1200

—— CB/MnO2
——CB
1000 —— MnO2
PDF#-18-0802

800

600

200

R T N
0 T T T T
20 40 60 80
20 (°)
80000
70000 4 Mn 2p
60000
50000
40000
30000
20000
10000 4
T T T T T T T T T
635 640 645 650 655 660

Binding energy (eV)

Fig.3 a, XRD patterns of CB/MnO,, CB and MnO,. b, XPS spectrum of Mn in CB/MnO,

The crystal structures of the CB/MnQ,, the pure MnO, and CB were analyzed by
XRD. The XRD patterns of the CB/MnO,, MnO, and CB are shown in Figure 3a. The
20 diffraction peaks of CB/MnQO, are located at 12.282°, 36.803° and 65.700°. The
diffraction peaks for bulk MnO, and MnO; nano-sheet on CB correspond well to the
standard diffraction peaks given in a standard JCPDS card (No. 18-0802) for 6-MnO,.
37 Also shown in Figure 3 are broader diffraction peaks for MnO, and CB/MnQO,, most

likely as a result of the poor polycrystalline or amorphous nature of the nano MnO,

10
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sheet on the CB/MnO;, nano composite particles. The structure of CB was also
characterized by XRD. The result showed a major diffraction peak of CB at 26.2°,
corresponding to the characteristic peak of the hexagonal carbon in a standard JCPDS
card (No.75-1621). In Figure 3b, the result of XPS test reveals the valance state of Mn
is 4" (as MnO, ) in CB, which can be seen in reference®.

The electrochemical characteristics of CB, CB/MnO, and MnO, were determined
using cyclic voltammetry (CV), Gavanostatic charge-discharge test and AC
impedance (EIS) measurement. Figure 4 shows the CV curves for CB/MnO; and
MnO, at the scanning rates of 2mV/s~ 50mV/s. Figure 4a shows rectangular CV
curves for the CB/MnO, nano composite particles as prepared, illustrating a good
capacitive performance under a low scanning rate (2mV/s). The absence of the redox
peaks in the CV curves implies a good electrochemical reversibility. The shape of the
CV curves changed significantly when the scanning rates increased from 2mV/s to
50mV/s. The current shift rates upon shift (decrease) of the scanning potential became
smaller when the scan rate increased, which indicates a capacitive decay under high
scanning rates. * For comparison, the measurement of the CV curves for the electrode
made of MnO, powder only was attempted. Unfortunately, a poor electrical
conductivity was obtained, which makes reading of the electrochemical test data
impossible. ® Therefore, the CV measurement was conducted using electrodes made
of MnO; mixed with the conductive CB, with a certain amount of conductive CB
being added in during the MnO; electrode preparation procedure. In the initial tests,

the conductive CB nanoparticles were observed to accumulate on the outer surface of

11
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the MnQO,. The results in Figure 4b obtained when the scan rate increased from 2mV/s
to 50mV/s show a pair of obvious redox peaks, as well as a larger rectangular area as
compared to the CV curves of CB/MnO, nano composite particles. ° Upon the shift
of the scanning potential, the current shift rate did not decrease significantly,
indicating a better ability of charge storage. ° The rectangle area for the MnO,
electrode was larger than that obtained with the electrode made of the CB/MnO, nano
composite particles. 57 This was due to the poorly conductive MnO; layer that lay
outside of the CB/MnO; nano composite material, while the highly conductive CB lay
in the core. When the scanning rate increased, the CB/MnO, cannot fully display its
electrochemical reversibility and good capability of current steering rate. On the
contrary, following a traditional way of making electrodes, conductive CB was added
in by physically mixture. In this way, in the MnO, electrode, the conductive CB
particles accumulate outside the MnO; nano-lamella, as mentioned before. Through
the contact of conductive CB particles and formation of conductive network, the
MnO, electrode shows a pair of obvious redox peaks and illustrates a larger current

steering rate, in addition to a larger rectangle area than that of the CB/MnO,.

12
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Fig. 4 CV curves of CB/MnO, and MnO, at different scanning rates: a for the CB/MnO, nano
composite particles, and b for the bulk MnO,.
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Fig. 5 CV curves of CB, origin MnO, and CB/MnO, nano composite particle at scanning rate of
200mV/s
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Fig. 6 Charge-discharge curves of CB/MnQO, nano composite particles at different current densities
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Fig. 7 Charge-discharge curves of MnO; at different current densities
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Fig. 8 Charge-discharge curves of CB, MnO, and CB/MnO, nano composite particles at current
density of 0.3A/g
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Fig. 9 Charge-discharge curves of CB, MnO, and CB/MnQO, nano composite particles at current
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Fig. 10 Long-term charge-discharge cycling test plots of coral shape CB/MnO, nano composite
and pure MnO,

In order to study the electrochemical behavior of the CB/MnQO; nano composite
particles and MnQO; (it has been mixed with CB to improve its conductivity when test
its electrochemical performances) electrodes more clearly, CV curves of CB/MnO,
nano composite particles and MnO, at scanning rate of 200mV/s were compared. As

seen in Figure 5, a pair of distinct redox peaks present in CV curve of CB/MnQO; nano

16
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composite particle suggests a redox reaction conversion process. However, when
compared with the CV curve of the MnO, electrode with CB particles directly mixed
in, it was found that the rectangular area was larger than that of the CB/MnO, nano
composite particle electrode. The CV curve of the MnO, electrode presents two
obvious redox peaks, corresponding to the redox reaction of MnQO,. At the same time,
its rectangle area was much larger than that of the CB/MnO, nano composite particle
and pure CB, which suggests that the conductive CB physically mixed with MnO, and
could have a higher capacitance. It should be noted that, for the MnO, electrode, due
to the accumulation of conductive CB on the MnO, nano-layer surface, the mutual
inter-atomic force was far less than that of the interior binding force between CB and
MnO, in the CB/MnO, nano composite particle prepared by the in-situ growth
method. Therefore, the MnO, electrode physically mixed with conductive CB
accumulating on its surface should possess a structure instability problem, which may
lead to large capacity attenuation in the long-term charge-discharge process.

Figure 6 and 7 exhibit the Galvano-static charge and discharge curves of pure CB
and the CB/MnO, nano composite particle under different current densities. After
calculations following a formula referred in the literature®®, it was found that the
specific capacitance of the CB/MnO; nano composite particle was 946F/g at a current
density of 0.3A/g, much higher than that of the MnO, electrode (420F/g). It illustrates
that the CB/MnQO; nano composite particle grown by an in-situ growth route could
achieve a much higher capacitance under high current density than that of the MnO,

electrode with conductive CB directly mixed in. After calculations, it was found that

17
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the specific capacity of the CB/MnO, nano composite particle was 500 F/g at a
current density of 1A/g and 354F/g at 3A/g as well as 90F/g at a much higher current
density of 30A/g. The specific capacity of the MnO, electrode with CB accumulating
on its surface was 270F/g (1A/g), 112F/g at 3A/g and 42F/g at 30A/g. It can be seen
that, under high current density, the CB/MnO, nano composite particle electrode
demonstrates a higher capacitance performance than that of the MnO, electrode,
which can be attributed to the excellent coral structure of the CB/MnO, nano
composite particle.

To study the electrochemical properties of pure CB, the MnO, electrode and the
CB/MnO; nano composite particle, their Gavanostatic charge-discharge curves at
current densities of 0.3A/g and 3A/g are shown in Figure 8 and Figure 9, respectively.
It can be noted that at different current densities, the specific capacitance of both the
pure CB and the MnO, electrode were much lower than that of the CB/MnO, nano
composite particle. Especially, in Figure 8 and Figure 9, the CB/MnO; nano
composite particle exhibits much longer discharge time than that of the MnO,
electrode which demonstrates that the CB/MnO, nano composite particle of coral
structure could efficiently utilize the highly conductive CB by effectively transferring
faraday charge from the surface of the coral MnO, nano-layer to the collector, which
consequently performs at a high capacitance. ® ’° Additionally, compared to the
reported data the as prepared CB/MnO; nano composite particle (946F/g) performs at

a higher specific capacity at the current density of 0.3A/g than that of the

71,72 73,74

graphene/MnQO, composites, and that of the CNT/MnO, composites

18
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As seen from Figure 8 and Figure 9, at current densities of 0.3 A/g and 3 A/g, the
gavanostatic charge-discharge curves of the CB/MnQ; illustrate a symmetrical
triangle shape, which indicates a good charge and discharge reversible capacity. ** %
These results correspond to the CV curves at different scanning rates which are shown
in Figure 4. These phenomenon in charge-discharge tests and CV tests of the
CB/MnO; nano composite material suggest that the CB/MnO, has good
electrochemical cycling stability. ¥

The electrochemical stability of the CB/MnO; nano composite material was
investigated by a long-term charge-discharge cycling test at a high current density of
30A/g. After cycling 5000 times, the CB/MnO, still retained 56% of its initial
capacity, which is shown in Figure 10. This suggests that the CB/MnO;, nano
composite material possesses a higher reserved specific capacitance than that of
MnO, and has good electrochemical cycle stability. The morphology comparison of
the CB/MnO, nano composite material before and after 5000 times charge-discharge
process demonstrated its good electrochemical cycle stability (shown in Figure 1c and
1d). As shown in Figure lc and 1d, it can be observed that after long-term
charge-discharge cycles, most of the CB/MnQO; nano composite material was covered
by MnO, nano-layers, only some MnO, nano-layers collapsed and a few spherical CB
particles were exposed. This verified that the CB/MnO, nano composite material with
coral structure can comprehensively utilize the high conductivity of CB and the high
capacitance of the MnO, nano-layer, which synergistically enhance its specific

capacitance and stable electrochemical cycling performance. In Figure 10, it is

19
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notable that the MnQO, electrode showed an intensified specific capacitance in the
early stage of the long-term charge-discharge process. However, when the
charge-discharge process continued, its capacitance decreased rapidly, as found in the
literature. ® Compared to MnO, electrode, the CB/MnO, composite showed a better
electrochemical cycling stability, which can be attributed to the special architecture of
the CB/MnQO, composite, in which the CB acts as a high conductivity nucleus and the

MnO; nano-layer acts as a faradic reaction shell.
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Fig. 11 EIS curves of CB/MnO, nano composite material before long-term high current density
charge-discharge test process
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Fig. 12 EIS curves of coral shape CB/MnO, nano composite material after long-term high current
density charge-discharge test process

Using EIS technology, the impedance spectra of the CB/MnO; nano composite
material before and after long-term charge-discharge cycling process at a high current
density of 30A/g was obtained and shown in Figure 11 and Figure 12, respectively.
The red hollow curve shows the analog curve and the insets semicircle shows the high
frequency area of the EIS spectrum, as well as the analog circuit diagram inset the
spectrum below. From Figure 11, it is known that the CB/MnO, nano composite
material had an electrolyte resistance (R.) of 7.5Q and a charge transfer resistance (Re)
of 132Q. After a 5000 cycling charge-discharge process, its R, was still 7.5 Q, but Ry
increased to 152 Q. The electrolyte resistance of CB/MnO, exhibited no obvious
change, and its charge transfer resistance R varied very little. This suggests that the
charge transfer path of the CB/MnO, nano composite material had little obstruction
after a long-term charge-discharge process at a high current density. "*”> However, it
should be noted that the slope of its Warburg curve changed a lot after the long-term

charge and discharge cycles at high current density. This suggests that the electrolyte
21
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ion diffusion became difficult in the electrode surface caused by Warburg impedance,
illustrating an increase in the capacitance resistance and electrical resistance of the

CB/MnO; after a long-term charge and discharge process.

Conclusion:

Using the in-situ growth method, a coral architecture CB/MnO; nano composite
material was prepared. According to SEM and TEM results, it was found that the
morphology of CB/MnO, only had some collapse after a long-term charge-discharge
cycle. EDX results confirm that the carbon content in the composite material was low,
manganese was the highest in content and there was a moderate amount of oxygen
content. Electron diffraction analysis shows that the MnO; in CB/MnO, presents poor
crystallinity, due to its nano-lamellar structure and XRD tests prove the birnessite
structure of 8- MnO, in CB/MnO,. The rectangular area of the CB/MnO, CV curve
was smaller than that of the MnO, directly mixed with conductive CB. However, at a
current density of 0.3A/g, the specific capacitance of CB/MnO, was 946F/g, higher
than that of MnO, (420F/g). This demonstrates that the CB/MnO, where the MnO,
was grown in-situ on CB had a high capacitance at high current density. After 5000
cycles of charge-discharge process at a current density of 30A/g, it can be observed
that CB/MnO, had a retention capacitance of 42F/g, keeping 56% of its initial

capacitance, demonstrating good electrochemical cycle stability.
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