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The oxidized carbon nanosheets (OCN), produced from black 

carbon nanospheres and used as a conductive additive in the 

supercapacitor electrodes of MnO2 nanorods, can significantly 

improve the charge-storage performance of the symmetric MnO2-

nanorod supercapacitors with a maximum specific energy of 64 

Wh/kg and power of 3870 W/kg. An optimum material 

composition of the supercapacitor electrode finely tuned is 

60:30:10 wt.% of MnO2:OCN:PVDF, respectively. Interestingly, 

after 5000 charge/discharge cycles, the oxidation numbers of Mn 

at the positive and negative electrodes of the as-fabricated 

supercapacitor are +3.22 and +3.04, respectively. 

 

Supercapacitors provide higher specific power (~500-10,000 

W/kg) with faster charge/discharge rates and longer cycle life 

(>100,000 cycles) when compared with batteries
1, 2

. Generally, 

the electrodes of the supercapacitors consist of three 

materials: (i) active materials storing electronic and ionic 

charges on their surfaces, (ii) conductive materials used to 

assist the electronic charge transport within the electrode and 

between the active materials and the current collectors or 

substrates during charging/discharging, and (iii) adhesive 

binders (i.e., PVDF) employed to hold the materials together 

on the substrate surfaces.  

  

The supercapacitor materials can be classified by their charge 

storage mechanisms. Electrochemical double layer capacitance 

(EDLC) materials such as graphene, activated carbon, and 

carbon aerogel store ionic charges via a physical adsorption 

process on their conductive surfaces and porosities
3
. On the 

other hand, pseudocapacitance materials e.g., transition-metal 

oxides/hydroxides and conducting polymers store electronic 

charges via a surface redox reaction leading to high specific 

capacitance
1, 2

. However, the pseudocapacitance metal oxides 

and hydroxides have rather poor conductivity. Thus, the 

conductive additives such as black carbon nanospheres (CN) 

are typically used in the fabrication process of the 

supercapacitor electrodes.  

 

Among various transition-metal oxides, MnO2 has been widely 

studied due to its high theoretical specific capacitance (1233 

F/g)
4-6

, low cost, natural abundance, and environmental 

compatibility. Previously, MnO2 supercapacitors produced by 

an ultrasound-microwave-assisted method provided a specific 

capacitance (SC) of 214 F/g at 2 mA/cm
2
 

7
. Incorporation of 

MnO2-coated carbon nanotubes with  graphene nanosheets 

exhibited a SC of 193 F/g at 0.2 A/g 
8
. Nitrogen-doped 

graphene-ultrathin MnO2 composites prepared by a 

hydrothermal method exhibited a SC of 257.1 F/g at 0.2 A/g 
9
. 

Graphene-wrapped honeycomb MnO2 nanospheres via an 

electrostatic interaction showed a SC of 210 F/g at 0.5 A/g
10

. 

2D MnO2/graphene hybrid nanostructures provided a SC of 

267 F/g at 0.2 A/g 
11

. In this work, MnO2 nanorods with high 

aspect ratio were used as the active material of the 

supercapacitors. 

 

In addition, the conductive CN was chemically converted to 

carbon nanosheets by an oxidation process (see experimental 

detail in the supporting information) and used in the 

supercapacitor electrodes. Furthermore, we have investigated 

the effect of material compositions on the performance of the 

supercapacitors.  From previous reports, the weight ratios of 

active material: conductive additive: adhesive additive were 

different leading to uncertainty in performance comparison of 

the supercapacitors. Among various ratios, a weight ratio of 

80:10:10 wt.% was frequently used in the fabrication process 

of the supercapacitor electrodes
12-15

. To the best of our 

knowledge, no previous report explained why this ratio was 

employed. The results here in this work surprisingly showed 

that the oxidized carbon nanosheets (OCN) can significantly 

improve the charge storage performance of the 

supercapacitors. The optimum weight ratio of MnO2:OCN: 
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PVDF finely tuned is 60:30:10 wt.%, which is not the same ratio 

as the previous report
12-15

. 

The morphology of CN characterized by a field emission-scanning 

electron microscope (FE-SEM) is shown in Fig. 1a for which the 

spherical morphology of the aggregated CN is observed. While, the 

FE-SEM image of OCN after the oxidation process in Fig. 1b shows a 

remarkable morphological change from nanospheres to 

nanosheets. An FE-SEM image of MnO2 nanorods, marketed from 

Sigma-Aldrich and used as the active material, is also shown in 

Fig.S1 of the supporting information. The MnO2 nanorods have an 

average diameter of ca. 20 nm with a high aspect ratio of ca. 20. 

Fig.1c shows a transmission electron microscope (TEM) image of 

CN, which reveals a spherical structure with a diameter of about 50 

nm. The aggregated nanospheres form the branch structure leading 

to high electronic conductivity. After the oxidation process, a TEM 

image of OCN is shown in Fig.1d for which the morphology of the 

OCN is a sheet-like structure. An inset image in Fig. 1d shows an 

HRTEM of OCN for which the crystalline carbon particle has a 

distance between adjacent planes ca. 0.34 nm, which is comparable 

with the (002) d-spacing in graphitic carbon materials.  

 
Fig. 1. FE-SEM images of (a) black carbon nanospheres (CN) and (b) 

oxidied CN (OCN) as welll as TEM images of (c) CN and (d) OCN. 

 

Raman spectra of CN and OCN shown in Fig.2a exhibit the 

characteristic peaks of the carbon-based materials. D band 

(disordered) at 1350 cm
-1

 is due to the vibration mode of sp
3
 

carbon atoms chemically bonded to oxygen-containing groups 

and carbon at the edge of the graphitic sheets. Whilst, G band 

at 1580 cm
-1

 represents the vibration of sp
2
 graphitic carbon

16
. 

Both D and G bands of the OCN have higher intensity when 

compared with those of the CN since the oxidation process can 

also remove the amorphous phase of the CN, overall providing 

more crystalline phases in the OCN sample. The ID/IG ratios of 

CN and OCN are 1.233 and 1.273, respectively. This indicates 

that the OCN has more sp
3
 carbon atoms due to the oxygen-

containing functional groups on its surface. The lateral size (La) 

values of the crystallites calculated from the Raman spectra
17

 

are 3.417 and 3.527 nm for CN and OCN, respectively. The FTIR 

spectra of CN and OCN in Fig.2b exhibit broad peaks at the 

wavenumbers of 1350-1600 cm
-1

 due to C-C and C-H stretching 

modes of the sp
2
 carbon atoms and 3300-3500 cm

-1
 due to O-

H stretching vibrations from the moisture adsorbed. The OCN 

exhibits broad bands at 1200-1250 cm
-1

 owing to C-O 

stretching vibrations of alcohol and carboxyl groups and at 

1720-1740 cm
-1

 due to C=O stretching vibrations of the 

carboxyl groups. These can be concluded that the oxidation 

process under a reflux condition (see more details in the 

supporting information) not only change the morphology of 

CN but also it generates the functional groups at the surface of 

OCN, which can eventually help improving the performance of 

supercapacitors due to its high ionic conductivity. 

  

Fig. 2c shows the XRD patterns of CN and OCN for which two 

peaks at 2θ around 25
o
 and 43

o 
can be indexed to (002), and 

(100) plane directions, respectively showing the characteristics 

of graphitic carbon
18, 19

. Based on the (002) direction, the 

calculated stacking height (Lc) values of the CN and OCN are 

3.147 and 4.129 nm, respectively. This indicates that the 

expanded graphitic layers can be achieved by the oxidation 

process. N2 adsorption/desorption measurements were 

employed to investigate the porous structure of CN and OCN 

shown in Fig.2d. Both materials have a type IV adsorption 

isotherm with H3 hysteresis loop according to the IUPAC 

classification, which is a characteristic of mesoporous carbon 

materials
6, 20

. The BET specific surface areas of CN and OCN are 

119.7 and 186.1 m
2
/g, respectively. The increased surface area 

of OCN may lead to high charge-storage performance. 

 

Fig. 2. (a) Raman spectra, (b) FT-IR spectra, (c) XRD patterns, 

and (d) N2 sorption isotherms of CN and OCN. 

 

To further evaluate the electrochemical properties of the CN 

and OCN, the MnO2 nanorod supercapacitors using CN and 

OCN as the conductive additives were therefore fabricated and 

evaluated by cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD), and electrochemical impedance 

spectroscopy (EIS). Fig.3a shows the CV of the supercapacitors 

with a CR2016 size fabricated using different mass ratios of 

MnO2/OCN/PVDF. Note, the controlled experiment (8:1:1 
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MnO2/CN/PVDF) was also carried out for comparison. The CV 

was measured at a scan rate of 10 mV/s in a potential range of 

-0.5 to 2.0 V. It is clearly observed that the supercapacitor 

using 6:3:1 MnO2/OCN/PVDF exhibits the largest specific 

current, indicating the superior electrochemical performance 

of MnO2/OCN/PVDF coated on functionalized-carbon fibre 

paper (f-CFP)
21

. Note, the MnO2/OCN/PVDF supercapacitors 

here have much higher charge storage performance than the 

MnO2-based supercapacitors fabricated for comparison in this 

work using reduced graphene oxide (rGO) as the conductive 

additive (see Fig. S3). As shown in Fig.3b, the specific 

capacitances of the supercapacitors decrease as a function of 

the scan rates due to the diffusion limit
22

. At low scan rate, the 

ions have more time to diffuse from the electrolyte separator 

into accessible deep pores of the electrode leading to higher 

specific capacitance while at high scan rate, the ions are mainly 

adsorbed on the outer surface of the electrode
6, 23

. In addition, 

the MnO2-based supercapacitors using reduced graphene 

oxide as the conductive material were fabricated for 

comparison with OCN.   

  

GCD in Fig.3c also shows the same tendency as the CV result. 

The calculated specific capacitances from the GCD results vs. 

the applied specific currents are shown in Fig. 3d. The 

MnO2/OCN/PVDF supercapacitor at a ratio of 6:3:1 has rather 

high specific capacitance of 414.28 F/g at 1 mA (0.35 A/g) 

when compared with others. The corresponding specific 

capacitances of MnO2/OCN/PVDF supercapacitors at other 

mass ratios of 9:0:1, 8.5:0.5:1, 8:1:1, 7:2:1, 5:4:1, and 4:5:1 and 

the MnO2/CN/PVDF supercapacitor at 8:1:1 are 179.36, 

197.36, 273.40, 384.56, 261.56, 239.80, and 209.52 F/g at 1 

mA, respectively. When compared to the 8:1:1 MnO2/CN/PVDF 

supercapacitor, the 6:3:1 MnO2/OCN/PVDF supercapacitor 

exhibits 1.65-fold higher specific capacitance. More 

interestingly, the as-fabricated supercapacitor in this work 

exhibits higher specific capacitance than the MnO2-based 

supercapacitors using different electrode material 

compositions (see Table S1 of the supporting information). 

This is because the –OH and –COOH functionalities of OCN can 

draw the ionic electrolytes to the electrodes
24

. The OCN with 

higher crystalline phase than CN has an ideal channel for the 

fast diffusion of electrolyte during charging/discharging. The 

specific capacitances decrease as a function of the applied 

currents for all as-fabricated supercapacitors in Fig. 3d owing 

to the diffusion limit. 

 

 
Fig. 3. (a) CVs at a scan rate of 10 mV/s, (b) the specific 

capacitances as a function of the scan rates, (c) GCDs at 2 mA 

and (d) the specific capacitances as a function of the applied 

currents of the MnO2:OCN:PVDF coated on f-CFP at different 

mass ratios. 

 

The Nyquist plots of the MnO2/OCN/PVDF supercapacitors at 

different mass ratios exhibit straight line in the low-frequency 

region as shown in Fig.4a. The as-fabricated supercapacitor at 

6:3:1 shows nearly vertical line close to the ideal capacitor. 

This supercapacitor also has the lowest ESR of 1.88 Ω when 

compared with others. The specific capacitance vs. applied 

frequency shown in Fig.4b indicates that at the lowest 

frequency (1 mHz), the 6:3:1 MnO2/OCN/PVDF supercapacitor 

exhibits the highest specific capacitance of 363.28 F/g. Fig.4c 

shows the Ragone plots of the MnO2/OCN/PVDF 

supercapacitors. The supercapacitor at 6:3:1 exhibits the 

highest specific energy (64.39 Wh/kg) and power (3870.01 

W/kg). The capacity retention of the supercapacitor cells is 

also shown in Fig.4d. The as-fabricated supercapacitor at 6:3:1 

has over 94% capacity retention after charged/discharged for 

5000 cycles while that of the supercapacitor at 8:1:1 has only 

84% capacity retention.   
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Fig. 4. (a) Nyquist plots, (b) specific capacitances vs. applied 

frequency plots, (c) Ragone plots, and (d) the capacitance 

retention over 5000 cycles of the MnO2:OCN:PVDF cells at 

6:3:1 and 8:1:1. 

 

To further evaluation of the oxidation number of manganese 

oxide used as the active materials in the supercapacitors, ex-

situ high-resolution XAS of the supercapacitor electrodes was 

evaluated after the 5000
th

 cycles. Basically, the starting 

material MnO2 nanorods have an oxidation number of +4. 

Interestingly, after the stability test over 5000 cycles, the 

oxidation numbers of the Mn in the positive and negative 

electrodes are +3.22 and +3.04, respectively. The difference 

here indicates that the electronic structure of MnO2 has 

changed after 5000 charge/discharge cycles.  

 

Fig. 5. Ex-situ high-resolution XAS spectra of the manganese 

oxide after the stability test over 5000 cycles compared with 

the Mn standard compounds. 

 

In summary, conductive black carbon nanospheres (CNs) were 

successfully changed to nanosheets using an oxidation process 

leading to higher surface area and oxygen-containing groups 

on its surface. The atomic and crystalline structure of the 

oxidized CN characterized by HR-TEM, XRD, and RAMAN 

consists of sp
2
 graphitic carbon remaining high conductivity. 

The formulation ratio of active MnO2 material, conductive 

material, and PVDF binder was finely tuned and found that a 

6:3:1 ratio of those materials is an optimum material 

composition raising the awareness in this research area that 

the electrode formulation plays a major role in controlling the 

performance of the as-fabricated supercapacitors. In addition, 

ex-situ XAS was eventually employed to investigate the 

oxidation number of Mn in the symmetric supercapacitor of 

6:3:1 MnO2:OCN: PVDF after the stability test over 5000 cycles. 

The oxidation numbers of Mn in the positive and negative 

electrodes of the supercapacitor are +3.22 and +3.04, 

respectively. This finding indicates that the electronic structure 

of MnO2 is changed after 5000 charge/discharge cycles. 
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