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A composite materials carbon nanosheets supported MnO, nanorods exhibiting high capacitance
performance can be fabricated by a simple and scalable method. The carbon nanosheets are easily
obtained from the orange peel by carbonization at 800 °C, and MnO, nanorods can be grown on the
carbon nanosheets through the reaction between KMnO, aqueous solution and the carbon. The
electrochemical studies showed that the supercapacitor based on the hybrid materials with MnO,
content of 3.8 % exhibited the largest specific capacitance of 656 F g™ at a current density of 1 A g7,
after 5000 cycles, the capacitance still retention above 80%. In addition, after MnO, nanorods attached
onto the carbon nanosheets layer, the BET specific surface area of this hybrid materials is improved to
573 m? g%, the addition of carbon nanosheets as a conducting agent improves the high-rate capability
considerably, and the MnO, nanorods crystals in turn is of great benefit to further exfoliating carbon
nanosheets, which give the composite potential application as high-performance supercapacitor
electrode materials.

Keywords: Manganese Oxide nanorods. Carbon nanosheets. Electrode materials. Conductivity.
Supercapacitor.

1. INTRODUCTION

The present day technological society demands energy storage devices for various portable
electronic devices and hybrid motor vehicles. In this regard, different kinds of batteries and high-
performance capacitors are the focus of current scientific research [1, 2]. Electrochemical capacitors
(ECs or so-called supercapacitors) are promising energy storage devices, which have garnered interest
due to their high power density, quick charging, long cycling life, and great reversibility [3, 4]. Since
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the electrode materials are the most important factor in determining the properties of supercapacitors.
In contrast to conventional carbon-based materials, metal oxides electrode materials have much larger
specific capacitance owing to their significant redox pseudocapacitance properties. Among the
transition metal oxides, manganese dioxide (MnQ;) is one of the most promising pseudocapacitive
materials show many significant advantages such as wide potential range, low cost, abundance in
nature and environmental friendliness [5]. In fact, the theoretical specific capacitances of MnO, reach
up to 1370 F g™ based on a one-electron redox reaction per manganese atom. However, hydrated
MnO, with various structures often exhibit low specific capacitances general less than 200 F g™ [6, 7].
The limited extracted capacitance is likely due to MnO, low-electron and limited ion conductances [8].
To improve the electrical conductivity of the MnO,, several strategies have been proposed, for
instance, incorporating MnO; with carbon-based materials such as graphene, graphene oxide, carbon
nanotubes (CNTSs), carbon aerogels and activated carbons [9-12]. However, activated carbon has its
potential in many applications and devices, especially, the activated carbons have been obtained by
pyrolysis of biomass precursors [13, 14] due to they are comparatively cheap and porous, which
resulting in good electrochemical capacitive performance.

Orange, specifically known as citrus sinensis, is one of the most favored subtropical fruits in
the world, and it is also available in the processing industries [15]. It has been found that orange peel
principally consists of cellulose, pectin, hemi-cellulose, lignin, chlorophyll pigmentsand and other low
molecular weight hydro-carbons. These components contain various functional groups, which have
interested several fields such as agro-industry [16, 17], cosmetics [18], flavoring [19] and
pharmaceutical [20]. Utilization of orange peel as precursor for activated carbon with a high surface
area has already been demonstrated [21].

In this paper, the orange peel was utilized as raw materials to preparation the carbon
nanosheets, which used as substrate to grow MnO, nanorods. Through redox reaction and adjusting the
ratio of KMnO, to the carbon, the carbon materials supported by MnO, nanorods composite with
different MnO, content was prepared. Electrochemical tests indicate that weight ratio of carbon to
KMnO, at 4:1 had high specific surface area and excellent supercapacitor performance. In addition,
this method presents a promising general route for the large-scale production of the carbon nanosheet
supported MnO, nanorods composite as energy storage materials.

2. EXPERIMENTAL

2.1. Preparation Orange peel-based activated carbons (OAC)

Orange peel was obtained from a local fruit field. The peel was washed to remove the adhering
dirt and then dried at room temperature 60 °C for 36 h. The dried orange peel was carbonized between
600 and 900 °C with temperature ramp rate of 5 °C min™ and kept for 2.5 h under nitrogen atmosphere
in a tubular furnace. The carbonization product was washed in 0.5 M HCI solution and distilled water
several times, then filtered and dried at 60 °C . The resultant samples at different carbonization
temperature from 600 to 900 °C were labeled as OAC-6, OAC-7, OAC-8 and OAC-9, respectively.
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2.2. Fabrication of MnO,/OAC-8 composite

The MnO,/OAC-8 composite was prepared as follows: 0.2 g of the as-prepared OAC-8 was
first immersed in 100 mL KMnO, aqueous solution in a glass flask. Then, the obtained dispersive
solution was heated to 80 °C in an oil bath for 12 h. Finally, the products were collected by decanting
the upper solution, rinsed with water and dried at 60 °C. A series of MnO,/OAC-8 composites were
prepared by controlling the weight ratio of OAC-8 to KMnO, at 4:1, 2:1, 1:1 and 1:2. The composites
were denoted as OM1, OM2, OM3 and OM4, respectively.

2.3 Characterization

X-ray diffraction (XRD) of samples was performed on a diffractometer (D/Max-2400, Rigaku)
advance instrument using Cu Ko radiation (k=1.5418 A) at 40 kV, 100 mA. The 20 range used in the
measurements was from 5 to 80°. Raman spectra of samples were taken on a RFS-100 (Bruker) with
an excitation length of 1024.5 nm. Thermogravimetric analyses (TGA) of samples was performed on a
STA449-C thermogravimetric analyzer from 25 to 900 °C at a heating rate of 10 °C min™ in air flow.
N, adsorption-desorption isotherms were measured using a Micromeritics ASAP 2020 Analyzer
(U.S.A.). Pore sizes were calculated by the Barrett, Joyner, and Halenda (BJH) method. The structure
and morphology of the samples were examined with field emission scanning electron microscopy
(FESEM, JSM-6701F, Japan) at an accelerating voltage of 5.0 kV and transmission electron
microscopy (TEM, JEM-2010 Japan). Selected area electron diffraction (SAED) patterns were also
obtained on JEM-2010 transmission electron microscope with the acceleration voltage of 200 kV.

2.4. Electrochemical measurements

The electrochemical measurements were performed using a CHI 660D electrochemical work
station interfaced to a computer system with corresponding electrochemical software. Electrodes were
prepared by mixing 90 wt.% achieved samples, 5 wt.% carbon black (Mitsubishi #32) and 5 wt.%
polytetrafluoroethylene (PTFE) to form slurry, then the obtained slurry was coated on a nickel foam
substrate with an area of 1 cm? dried, and pressed under a pressure of 20 MPa to form a thin sheet
(thicnkess of about 0.2 mm). In a typical three electrode system, the above loaded nickel foam as
working electrode was investigated with a Pt counter electrode and Hg/HgO reference electrode in 6 M
KOH solution electrolyte.

3. RESULTS AND DISCUSSION

3.1. Morphological Analysis

A powder X-ray diffraction (XRD) experiment was carried out to gain insight into the internal
structure of the OAC, and MnO2/OAC-8 composites. Fig. 1a exhibit OAC diffraction pattern centered
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at around 23° and 43°, which are assigned to the (002) and (100) diffractions of the graphitic
framework [22-24], as can be seen the (002) peak of OAC-8 much sharper than the others, indicating
an increase in the degree of graphitization.
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Figure 1. (a) XRD patterns of the OAC prepared at different carbonization temperature; (b) XRD
patterns of OAC-8, OM1, OM2, OM3 and OM4.
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In Fig. 1b, comparison of XRD spectrum for OM1, OM2, OM3, OM4 and OAC-8, and the
solids are XRD amorphous or very poorly crystalline, it shows a typical broad and weak reflection
located in the range of 15-30°, which are the characteristic peak of amorphous graphitic. The main
diffraction peaks at 20 values for 37° and 65° demonstrate crystalline planes (311) and (440) of MnO,
(JCPDS 42-1169). Broad peaks are related to a poorly crystallized compound, compared to samples
OM2, OM3, OM4 the samples of OM1 peaks at 26=53° exposed small (501) facets of MnO,
ramsdellite (JCPDS 39-0375). Morphologically, MnO, crystals consist of [MnOg] octahedra with
shared vertices and edges. Stacking of [MnQOg] octahedra enables the building of one-dimensional
MnO; ramsdellite (y-MnQO,). MnO, electrodes with larger tunnel sizes favored the storage of alkaline
cations (e.g., Na*, K, Li") and exhibited higher capacitance [25-27].
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Figure 2. Raman spectra of OAC prepared at different carbonization temperature.

Fig. 2 shows the Raman spectra of OAC prepared at different carbonization temperatures. Two
peaks at ~1300 cm™ and ~1600 cm™* could be observed in the Raman spectra of all the OAC. The
former corresponds to D band showing the presence of defects in the graphitic lattice with Agg
symmetry, while the latter peak, namely, G band, is associated with the in-plane E;y mode of single
crystalline graphitic carbon atoms in the honeycomb lattice [28, 29]. The intensity ratio of D-band to
G-band (Ip/lg) depends on the type of graphitic materials and reflects the graphitization degree. The
values of Ip/lg for OAC-6, OAC-7, OAC-8, and OAC-9 are 1.197, 1.431, 1.081, and 1.123, and the
relatively lower Ip/lg value of OAC-8 indicating the higher degree of graphitization, which is well
consistent with the XRD observations.
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Figure 3. SEM images of (a) OAC-8, (b) OM1, (c) OM2, (d) OM3 and (e) OM4.

Fig. 3a shows the FE-SEM image of OAC-8, it is very obvious that the image display a
disordered crude solid particles microstructure. Fig.3b, ¢, d and e show the images of the OM1, OM2,
OM3 and OM4, respectively. It can be seen that after the growing of MnO; on the nanosheets of the
OAC-8, the OM1 composite formed interconnected rod-like architectures structures, though the rod
surface is not very smooth, no obvious pores exists, but, by means of irregular pile-up, these rod-like
architectures structures constructed a complex three-dimensional porous microstructure. However, for
the OM2, OM3 and OM4 samples, with the amount of KMnO, increased, the rod-like structures
become smaller, and a large quantity of nanospheres can be found. This change can be ascribed to the
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relatively high concentration of KMnO,4 which leads to the rapid reaction between KMnO,4 and OAC-
8, and the quick formation of MnO, nucleus on the nanosheets of the OAC-8 by the following redox
reaction [30]:

AMnO,” +3C +H,0 =4MnO, + CO,” +2HCO,” (1)

Thermogravimetric analysis (TGA) was performed to analyze the composition of the
composites. The weight percents of MnO, in OM1, OM2, OM3, OM4 samples were obtained as 3.8%,
7.5%, 13.7% and 21.0% (Fig. 4).
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Figure 4. TGA curves of OAC-8, OM1, OM2, OM3, OM4.

Figure 5. (a) TEM image of OAC-8; (b, c) Low- and (d) high-resolution TEM images of OM1, inset in
(c) shows the SAED of OML.
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Such result indicates that MnO; content in the composites increases with the increasing of
KMnO, concentration. The TEM images clearly demonstrate the structure and morphology of the
OAC-8 and OM1 (Fig. 5a, b, ¢ and d). From Fig. 5a, we can find the OAC-8 exhibited two-
dimensional plate-like nanosheets structure. After reaction with KMnOQO,, the rod-like architectures
structures was formed on the nanosheets of the OAC-8 (Fig. 5b). The small crystal size does not allow
the selected area electron diffractio (SAED) examination focused on single MnO, nanoparticles.
Therefore, the SAED pattern displays a polycrystalline feature due to the random orientation of
different MnO, nanoparticles (Fig. 5c, inset). Moreover, low- and high-resolution TEM shows that the
crystallinity of MnO, ramsdellite nanorods on the carbon nanosheets surface is not very high (Fig. 5¢
and d), this is consistent with the XRD results. It is believed that, on the one hand, the assembly of
nanorods structures to some extent prevents the stacking of carbon nanosheets due to van der Waals
interactions, leading to a large available surface area and rich porous structure for energy storage,
while on the other hand, the presence of carbon nanosheets with high electrical conductivity is
favorable to improve the dispersion of MnO, nanorods and the electrical conductivity of the composite
electrode [31].
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Figure 6. Nitrogen adsorption-desorption isotherms of OAC-8 and OM1. The inset shows the pore
size distribution curve of OML1.

The BET measurements were performed to investigate the textural characteristics of OAC-8
and OML1. The N, adsorption-desorption isotherms are shown in Fig. 6, where the inset shows the pore
size distribution of OM1 composite obtained from the analysis of N, desorption isotherms by using the
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BJH method. The BET specific surface area, pore volume and average pore size of the OAC-8 and
OM1 composite are summarized in Table 1.

Table 1. The BET specific surface areas, average pore size, and pore volumes of OAC-8 and OM1.

Samples Sger (M?g™")  Average pore size (hm)  Pore volume (cm® g*)
OAC-8 500 2.5 0.31
OoM1 573 2.3 0.33

The measured BET specific surface area of OAC-8 is 500 m? g, after MnO, nanorods attached
onto the OAC-8 nanosheets, the BET specific surface area of OM1 is improved to 573 m? g™
However, as shown in the pore size distribution of the OM1 composite, which indicates the presence
of mainly numerous micropores (below 2 nm) and mesopores, and the possibility of macropores (inset
of Fig. 6). These results demonstrate the existence of some porous structures in the OM1 composite.

Furthermore, this specific structure will provide the possibility of efficient electron transfer and
electrolyte diffusion.

3.2. Electrochemical properties
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Figure 7. CV curves of OAC-6, OAC-7, OAC-8, and OAC-9 within the potential window -1.0-0 V at
a scan rate of 50 mV s * in 6 M KOH electrolyte.
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Figure 8. (a) Galvanostatic charge-discharge curves of OAC-8, OM1, OM2, OM3 and OM4 at a
current density of 1 A g*; (b) charge-discharge curves of OM1 at a current density of 1-10 A g
! Inset shows the CV profile for the OM1 recorded at a scan rate of 10 mV s *; (c) the

corresponding discharge capacitances; (d) Nyquist plots of OM1. The inset is the equivalent
circuit.

To evaluate the potential applications of the OAC, the cyclic voltammetry (CV) curves of the
OAC-6, OAC-7, OAC-8 and OAC-9 are presented in Fig. 7 at a scanning rate 50 mV s™ in a potential
window of -1.0 to 0 V. As can be seen, all samples show nearly rectangular CV curve without any
redox peaks, which indicates the OAC only electrical double-layer capacitance. Among all the
samples, OAC-8 shows the highest peak current density and the largest CV area, indicating the largest
electrochemical capacitance [32, 33]. Fig. 8a gives the galvanostatic charge-discharge curves of OAC-
8, OM1, OM2, OM3 and OM4 at a current density of 1 A g™. The specific capacitance of the electrode
can be calculated using the following equation [34]:

Cn=C/m=(1t)/(AVm) (2)

Where C,, is specific capacitance (F g), I is charge-discharge current (A), t is the time of
discharge (s), AV is the voltage difference between the upper and lower potential limits, and m is the
mass of the active electrode material. The specific capacitance of all the sample at the current density
of 1 A g™* was calculated according to Eq.(2) , the corresponding gravimetric capacitances are 188 F g°
! (OAC-8), 656 F g* (OM1), 462 F g* (OM2), 435 F g* (OM3) and 316 F g* (OM4). This
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demonstrates the strong synergistic effect of the combined capacitive contributions from the MnO, and
OAC-8. In order to further evaluate the electrochemical capacitance of the optimized OM1, the
galvanostatic charge-discharge curves were measured at various current densities of 1, 3, 5, and 10 A
g™ (Fig. 8b). The CV profile for the OM1 electrode recorded at a scan rate of 10 mV s (inset of Fig.
8b). The voltammetric profile is very similar to those found in the literatures [35-37] and the
voltammetric peaks are associated to a series of redox processes [38,40]. These processes are
composed of several steps and the corresponding voltammetric peaks are overlapped and difficult to
identify or to associate with a specific process. Meanwhile the main reactions are those associated to
the two consecutive steps involving Mn'"/Mn"" and Mn""/Mn"' [41,42]. The discharge capacitances at
various current densities are plotted in Fig. 8c. It is evident that the capacitance of this composite
slowly decreases as the current density increases from 1 to 10 A g, and the specific capacitance of the
OM1 composite still retains ~70% of the original value. The high performance of OM1 is mainly
attributed to the ramsdellite particular properties of MnO, and even the synergistic effects of the MnO,
and OAC-8. The interconnected MnO, nanorods provides a special high surface area and rich pore
structures, which are very important for ensuring more electroactive sites for the adsorption of K* and
hence enhancing the utilization of active materials during the charge-discharge process [43, 44]. The
OAC-8 here has dual functions, which can not only contribute high specific capacitance to the
composite, but can also serve as a conductive path for electron transport due to its high conductivity.
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Figure 9. Cycling stability of OM1 at a current density of 1 A g™ in the long-term cycle.
Fig. 8d represents the complex-plane electrochemical impedance spectrum (EIS) of the OM1

nanocomposite electrode based supercapacitor. Electrochemical impedance spectra measurements
were carried out at the open-circuit potential over a frequency range of 100 kHz to 100 mHz, with the
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electrical circuit in the inset. The equivalent electrical circuit consists of a resistive element (R;) in a
series combination with (CPE/(R¢; +Wg)) and a double-layer capacitor (Cq). The impedance spectrum
has a semicircular arc and a straight line. At very high frequencies, the intercept at real part (Z')
represents a combined resistance of ionic resistance of electrolyte, intrinsic resistance of substrate, and
contact resistance at the active material/current collector interface (R;) was calculated to be 0.54 ohm,
indicating a low internal resistance for the whole device. The charge transfer resistance (R.) caused by
the Faradaic reactions and the double-layer capacitance (Cy) at the contact interface between electrode
and electrolyte solution. Rt can be directly measured as the semicircular arc diameter. The 45° slope
portion of the curve is the Wurburg resistance (Z,,), which is a result of the frequency dependence of
ionic diffusion/transport in the electrolyte and to the surface of the electrode [45-47]. Moreover, at low
frequencies, the straight line of OML1 is nearly perpendicular to the realy axis, demonstrating it had
pure capacitive behaviors [48].

A long cycle life is another crucial parameter of supercapacitors, which can determine their
practical applications. Hence, the stability of the supercapacitors based on the OM1 composite was
tested in the range of -1.0 and 0 V at 1 A g in 6 M KOH aqueous solution (Fig. 9). The results
indicate the OM1 composite has good cycling ability, the capacitive retention of the OM1 composite is
512 F g™ about 80% of the initial capacitance after 5000 cycles. This result indicates that the OM1
composite can be considered as promising electrode in the application of high performance energy-
storage devices.

4. CONCLUSIONS

In summary, the prepared orange peel-based carbon nanosheets supported MnO;, nanorods
composite have been successfully employed as supercapacitor electrodes and give a highest specific
capacitance (656 F g™) and cycling stability (the capacitance still retention above 80% after 5000
cycles). The high specific capacitance and good cycle ability coupled with the low cost and
environmentally benign nature of the carbon supported MnO, composite may make this material
attractive for large applications.
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