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Abstract: An rGO−like carbon compound has been synthesized from biomass, i.e., old coconut shell, by a carbonization process followed by heating at 400°C for 5 h. The nitrogen doping was achieved by adding the urea (CH4N2O) and stirring at 70°C for 14 h. The morphology and structure of the rGO-like carbon were investigated by electron microscopies and Raman spectroscopy. The presence of C-N functional groups was analyzed by Fourier transform infrared and synchrotron X-ray photoemission spectroscopy, while the particle and the specific capacitance were measured by particle sizer and cyclic voltammetry. The highest specific capacitance of 72.78 F/g is achieved by the sample with 20% urea, having the smallest particles size and the largest surface area. The corresponding sample has shown to be constituted by the appropriate amount of C–N pyrrolic and pyridinic defects.
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1  Introduction

The access to electricity of the world population between 2010–2020 has reached 91%, up from 83%, with 1.3 billion people gaining access [1]. This is because, in this modern era, humans always need electrical energy to carry out daily activities. Various technologies that exist today, such as laptops and cell phones, require electrical energy storage. The storage system that has been widely used is the battery. Regardless, a battery has several disadvantages, among others, requiring a long time for recharging and having a small power density [2]. Energy storage devices that are more efficient and have a large capacity are therefore desirable. One of them is the supercapacitor [3]. Supercapacitors are a breakthrough in the world of energy storage devices. They have many advantages compared to other energy storage devices, especially batteries. From the technical point of view, supercapacitors have quick recharge capacity, longer discharge for a load, simple principles, and easy construction [4]. Supercapacitors also have a higher power density and a longer life cycle compared to batteries, as well as higher energy densities compared to conventional capacitors [5].

Based on the energy storage mechanism, supercapacitors are divided into two types, covering pseudocapacitors and electrical double-layer capacitors (EDLC) [6]. Materials used for the manufacture of supercapacitor electrodes include graphene [7], carbon nanotubes [8], carbon aerogel [9], porous carbon [10], and mineral composites-carbon [11]. Graphene is one of the interesting materials and has become a center of research in the last ten years because it has superior properties and wide potential in various fields such as nano-electronics, sensors, nanocomposites, batteries, supercapacitors, and transparent electrodes [12]. Reduced graphene oxide (rGO), a phase of graphene derivatives, is the result of the reduction of oxygen and hydrogen atoms, which undergo oxidation, but rGO still has a structure and properties similar to graphene. The rGO has a structure of single carbon bonds and carbon double bonds such as graphene, namely C–C and C=C, but the atomic lattice has defects in the carbon plane, so there are many impure bonds between C atoms with other atoms such as H, O, and N [13].

The application of the rGO as a supercapacitor electrode has several constraints. The agglomeration or clumping of the rGO sheet reduces the surface area and its specific capacitance. Therefore, it is necessary to add glucose as a barrier (spacer) between rGO layers [14–17]. Additionally, the rGO often agglomerates when used as an electrode material due to the Van der Waal’s forces between rGO sheets. Hence, the rGO needs to be sliced by ultrasonication in an acid solution. This method is known as the exfoliation technique. Based on research conducted by Al-Hazmi et al. [18], this technique has helped in stretching the layers between rGOs, so that thin layers are obtained, and as a result, the enlarging surface area can increase the specific capacitance. Research on the application of the rGO as a supercapacitor electrode has been carried out by Ghasemi et al. [19] employing Fe3O4, which resulted in a specific capacitance of 154 F/g. Balaji et al. [20] combined graphene and nitrogen materials through a supporting process, increasing the capacitance to 286 F/g. Furthermore, the combination of rGO and urea produced a capacitance of 514 F/g [21].

Meanwhile, the coconut shell, as abundant biomass (bio-waste), has a high carbon content exceeding 74.62%, making it a potential starting material for producing carbon compounds. This effort of synthesis has resulted in an rGO-based carbon containing a mixed structure of hybridized sp2 and sp3 orbitals. It forms an amorphous-like carbon dominated by an rGO phase of around 60%–70% combined with a minor diamond-like carbon (DLS) phase [13,22,23]. We report in this work that the rGO-like carbon derived from coconut shell has successfully been developed as a base constituent of EDLC. We are employing HCl to enlarge the distance between the sheets of the rGO structure, glucose as a spacer or barrier material between layers and to expand the surface area of rGO, and Fe3+ derived from FeCl3 as a constituent of pseudocapacitors. The insertion of nitrogen atom from urea to the obtained rGO is intended to increase the permittivity and is therefore expected to enhance the specific capacitance.

2  Material and Method

Initially, the old coconut shell as in Fig. 1, was cleaned, dried for 6 h in the open air, and then burned in an atmospheric environment until it became black charcoal. The charcoal was pulverized and then sieved using a 200 mesh. This sieving is aimed at creating a homogeneous size of the charcoal particles so that uniform heat distribution is attained when carbonized. The carbonization was carried out in a furnace in the air at 400°C for 5 h [22], which produces a graphic-based carbon phase of various thicknesses upon the exfoliation process using an acid solution. In this process, the as-synthesized carbon sample was then proceeded by adding 1 M HCl in a weight ratio of 1:1, then stirred while being mixed with FeCl3 and glucose until the ratio of rGO:HCl:FeCl3:glucose was 1:1:1:1. The solution was added with nitrogen (N) from urea (CH4N2O) having content 20% of weight, then it was exfoliated mechanically by ultrasonication for 6 h. The obtained result was dried with a temperature of 70°C for 5 h to become a completely dry powder. The powder was then molded into a pellet with a diameter of 13 mm and a weight of 0.5 grams. The pellet was then coated with silver paste, covering the entire surface. This pellet was marked as rGO-N20 sample. The other samples were prepared by a similar process with the N weight percentage of 33%, 43% and 50% and were marked as rGO-N33, rGO-N43 and rGO-N50, respectively. These samples served as the working electrodes.
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Figure 1: The coconut’s: a) tree, b) fruit, and c) shell

3  Characterization

Structural characterizations to examine the phase formation and morphology were performed using X-ray diffraction (XRD, Philips X’Pert MPD) with Cu–Kα radiation in the diffraction angle range of 10° to 60°, scanning electron microscope (SEM, Zeiss Evo 10), and transmission electron microscope (TEM, Hitachi HT7700, operating at 120 kV), respectively. To study the possible formation of hexagonal (graphenic phase) carbon bonding, the Fourier transform infrared (FTIR, Shimadzu 8400S series) spectrometry and Raman (IHR320 HORIBA) spectroscopy were carried out. Meanwhile, the bonding between C and N atoms as a result of N atom insertion was analyzed utilizing a synchrotron X-ray photoemission spectroscopy (XPES) at beamline 3.2a at the Synchrotron Light Research Institute (SLRI), Thailand, using a photon energy range of 40–600 eV. By employing the Gaussian deconvolution functions with a Shirley-type background, the experimental spectra were fitted using software developed by SLRI as a part of the apparatus. Particle size and distribution were measured by the particle size analyzer (PSA) with the dynamic light scattering (DLS) technique (Malvern Nanozizer). The specific surface area of the samples was measured by the physisorption method (Quantochrome, Autosorb iQ).

Furthermore, the electrochemical property, especially the specific capacitance, was measured by cyclic voltammetry (CV). A conventional three-electrode configuration was applied to measure the specific capacitance of samples. The prepared sample served as the working electrode, while a Pt wire and an Ag/AgCl electrode were used as the counter and reference electrodes, respectively. A solution of 6 M KOH, a potential window of −1 to +1 volt, and a scan rate of 50 mV/s were employed in the CV measurements.

4  Result and Discussion

The structural and phase analysis of the resulting “pristine” sample (N-free) derived from old coconut-shell charcoal is shown as an XRD pattern in Fig. 2a. One can see that an amorphous feature characterized by broad diffraction peaks dominates the spectrum. There are two peaks at the diffraction angles (2θ) of 23.68° and 44.04°, being associated with the rGO phase, as indicated in previous reports [13,22,23]. The resulting wide peaks indicate the small crystal size of the rGO phase arranged in a short span of layers. This phase can be considered a part of graphite, which is still arranged randomly and without orientation, resulting in an amorphous-like structure. In this regard, we further consider that our sample is an rGO-like carbon. Meanwhile, Fig. 2b shows the Raman spectrum of the same sample as in Fig. 2a, possessing two remarkable characteristic peaks at 1344 and 1590 cm–1 corresponding to the well-defined a defect (D) and graphene (G) peaks, respectively. This result was in accordance with the experiment reported by Shimodaira et al. [24]. The D band, for graphene materials, is depicted as the A1g mode for the disordered carbon atoms at the edge or crystal defects [24,25], while the G band is the description of sp2-hybridized carbons with a Raman-active E2g in-plane vibration mode [24]. Thus, D band facilitates the formation of rich pore structures, and G band is beneficial for electron fast transportation in carbon materials. The intensity ratio of the two peaks (ID/IG) is 0.85, which is much greater compared to that of the flake graphite. This sample also exhibits significant defects, which are likely the consequences of the amorphous structure. The presence of the 2D peak at ∼2780 cm–1 further characterizes that the sample has two-dimensional characteristics, closely featuring a graphenic phase [26–28].
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Figure 2: The structural characterisations of an as-prepared carbon sample: a) XRD pattern and b) Raman spectra

The morphology of the sample examined using SEM and TEM is presented in Figs. 3a and 3b, respectively. In both images, the sample appears to show a 2D arrangement in both the micrometer and nanometer scales. Fig. 3a shows that the structure stacks layer by layer and grows to produce a three-dimensional morphology like a flower. This reveals that this flower-like is a hierarchical structure composed of the growth of the petal-like layers, composed of thin plate-like grains. This image is corroborated by the experiment shown by Zhao et al. [28], supporting exactly the Raman spectroscopy with the appearance of the 2D peak. The pristine rGO is still sticky-thin and irregular sheet-like as observed by TEM in Fig. 3b, which indicates that the sample has formed inhomogeneous layers, and the particle size has varied. The agglomeration and overlapping between different particles are also observed in the images.
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Figure 3: The images of: a) SEM and b) TEM from the related sampel as in Fig. 2

Given in Fig. 4 are the FTIR spectra of the 20% to 50% N-doped rGO. Generally, it can be seen that in the wavenumber range of 3300 to 3400 cm–1, two functional groups are detected, associated with the N–H and O–H functional groups. The wavenumber of N–H peak is between 3300 and 3500 cm–1, while that of the O–H peak is between 3200 and 3600 cm–1 [29]. In the lower range of the wavenumber, ∼2400 and 1150 cm–1, important peaks related to the C≡N and C–N functional groups are also detected. From the spectra, it can also be seen that samples having 20% and 33% of N are similar, while those of 43% and 50% are also the same regarding the appearance of the C–N functional groups. In short, the detection of the last two mentioned peaks implies that the N content increases with the increasing amount of urea added to the samples.
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Figure 4: FTIR spectra of the samples doped with N from 20% to 50% as specified

As described earlier, the exfoliation process for reducing the particle’s thickness is achieved by ultrasonication of the sample in HCl solution. Because the size of the acid molecules is quite large compared to the distance between layers of the rGO, the inserted acid molecules will weaken the Van der Waals bond between the two layers and consequently widen the distance between them. This expected process is performed by stirring the rGO powder in the HCl solution using a magnetic stirrer at 70°C for 2 h, followed by ultrasonication. However, the presence of N atoms in the form of urea molecules will disturb the process of thinning layers together with the attachment of N onto C hexagonal network. The effect of N addition on the particle size of the samples is then evaluated by using a particle sizer (PSA) as presented in Fig. 5.
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Figure 5: The particle’s size distribution of the N-doped samples

From Fig. 5, two peaks are identified, indicating that the powder size distribution in the solution is not homogeneous. All samples generally have two peaks, in which the first one has a size below 100 nm, ranging from 0.92 to 119.30 nm, with fairly low intensity. Meanwhile, the second one ranges from 79.98 to 5367.00 nm. The peak associated with the smallest size may correspond to the thickness (∼1 nm) of the rGO layer (∼2 layers), while one with a greater size may represent the cross-sectional/lateral diameter of the layers. Based on these results, it is known that the addition of urea leads to monotonically greater particle size. For urea content up to 50%, it appears that the particle size is larger, exceeding the micrometer scale. It can be imagined that the larger particle size distribution leads to a smaller surface area of the material, which becomes counter-productive in its role of higher specific capacitance. This means that in this study, the addition of much urea (CH4N2O) is not effective for supercapacitor electrodes. If too much urea is added, the nitrogen atom can probably not be separated from the urea. So, the urea molecule positions only above the rGO layer and agglomerates, leading to the particle size increasing up to a micrometer. Further measurement of the specific surface area has yielded 156.6 and 105.2 m2g−1, respectively, for samples with 20% and 50% urea.

The cyclic voltammetry (CV) curve of the samples is given in Fig. 6. It demonstrates that the electrode capacitance, visualized by the area inside the I-V curve, decreases with the increasing content of urea in the samples. The specific capacitance (C) can be determined from the I-V curve by Eq. (1) [30].


C=1mv(V1−V2)∫V1V2⁡I(V)dV
(1)
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Figure 6: The CV’s measurement result of the samples

where m, v, V1, and V2 respectively represent the mass of the sample (in gram), the scan rate used, and the top and bottom potentials. The estimated specific capacitance according to the I-V in Fig. 6 is listed in Table 1.
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It can be seen in Table 1 that the higher specific capacitance of 72.78 F/g was achieved by the sample with the lowest N content (20%), and decreased monotonically and significantly with increasing N content. Meanwhile, the N-free sample has a specific capacitance of 23.63 F/g. Although the resulting specific capacitance is still lower than those of existing studies, both those using standard rGO [21] as well as those derived from biomass [31], this effort provides an opportunity for further performance improvement on this sample, particularly with regard to the sample’s thickness, which still has to be much reduced (Fig. 5). Anyway, the use of urea as a nitrogen source was proven to be more effective in inserting N atoms into the hexagonal C bonding network on the rGO structure. Compared to our previous samples, where N2 gas (bubbling process) and NH4OH were used as the source of N atoms, the samples with the best specific capacitance were 20.67 and 37.33 F/g, respectively [32]. On the basis of these results, it is clear that the N atom derived from the urea molecule is more capable of forming bonds with the C atom in rGO than those from N2 and NH4OH. To further examine the role of N in elevating the specific capacitance, let us deal with data from the characterization using the XPES.

Fig. 7 is XPES data of the representative sample (rGO-N 20%) of the carbon (C1s) and nitrogen (N1s) spectra. The deconvolution spectra of C1s (Fig. 7a) show the presence of sp2 C=C, sp2 C–N, and sp3 C–N bonds, and based on the calculation over the area of the deconvoluted peaks, the bond’s contents are respectively 64.5%, 22.7%, and 12.8%. Furthermore, based on the spectra of the rest of the samples, which are not shown here, the total sp2 and sp3 bonding content involving N atoms (C–N) can reach up to almost ∼50% in the sample with the highest N (rGO-N50). Again, this fact confirms that the use of urea is very effective in inserting N atoms into rGO compounds, as mentioned above. In addition, the deconvolution result over the N1s spectrum (Fig. 7b) shows the presence of several bonding configurations between the C and N atoms, such as pyridinic, pyrrolic, graphitic-N, and others involving O atom [33], which create defects, as shown in Fig. 7c. The percentages of each bonding type/defect of C1s and N1s are listed in Tables 2 and 3.
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Figure 7: The representative XPES spectra of sample (rGO-N20): a) C1s, and b) N1s. c) The bonding types of C–N
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It is interesting to evaluate the presence of various C–N bonds, which appear to play an important role in determining the specific capacitance values of the samples. Based on Fig. 7c, it is conceivable that an electric dipole, which accompanies the bond between C and N, could form a positive charge around C and negative around N. Pyrrolic and pyridinic bonds provide such chances as to create larger electric dipoles, in addition to that created by other bonds. This mechanism can trigger a strengthening of the polarizability in the sample, which is directly related to the relative permittivity or dielectric constant and, therefore, the specific capacitance. In Table 3, only samples with 20% of urea content show the balanced presence of pyrrolic and pyridinic-N defects, while in the rest of the samples, there was a dominance of one defect, pyrrolic or pyridinic-N only, and other bonds such as graphitic-N or the oxide phase. The role of pyrrolic and pyridinic defects in amplifying electrochemical characteristics has also been previously reported in N-doped carbon-based compounds [34,35]. In addition, the two defective phases also affect the particle size of the compounds formed [34], as previously exhibited in Fig. 5.

In short, let us recall the following simple formulation of capacitance, 
C=κεoAd
, where εo, κ, d, and A, respectively express the vacuum permittivity, dielectric constant, electrode distance, and sample’s surface area. Based on this formulation and from the results of the above analyses, it is clear that in this study, the increase in specific capacitance due to the addition of N, which leads to enlarging the dielectric constant and surface area, has been described. As a closing note, further increase in capacitance values, such as the thinning of the rGO layer, reducing sp3 bonding, and the complexity in the presence of possibly other ions in the sample, such as Fe2+/Fe3+, Cl–, O2–, and OH− as well as their combinations, are still interestingly the next big challenges.

5  Conclusion

A carbon compound derived from coconut shell, as biomass, has successfully been synthesized employing the steps consisting of carbonization, heating, and doping with N. The prepared sample is dominated by sp2 hybridized carbon structure and the rest of sp3 one and other functional groups, which form an rGO-like phase. The N-doping introduced into the samples influences the particle’s size, being increased in the increasing content of N. In addition, the presence of N atom inserted in the hexagonal atomic network of C triggers the formation of defects of C–N, especially pyrrolic and pyridinic structures which take an important role in increasing polarizability and hence the dielectric constant of the samples. The best specific capacitance of 72.78 F/g is achieved by the sample doped with 20% of N (urea). The capacitance value decreases with the increasing content of N. This experiment has opened up opportunities and also challenges for the use of coconut shell, which is biomass, as a supercapacitor–an energy storage material, together with other biomass sources which have also been widely studied.
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Table 1: Specific capacitance of samples

Sample Specific capacitance (F/g)
rGO-N20 72.78
rGO-N33 49.53
rGO-N43 22.34
rGO-N50 19.62






OEBPS/Images/table-3.png
Table 3: The C-N bonding types of the samples

Sample C—-N bonding

Pyridinic-N  Pyrrolic-N  Graphitic-N  Pyridine N-oxide
rGO-N20  40.03% 59.96% — —
rGO-N33 - 89.63% — 10.37%
rGO-N43  37.73% 62.27% — —

rGO-N50  80.12% — 19.88% —
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Table 2: Cls bonding types of the samples

Sample Bonding

sp” C=C sp” C-N sp> C-N
rGO-N20 64.56% 22.68% 12.76%
rGO-N33 50.44% 31.99% 17.57%
rGO-N43 58.77% 7.62% 33.61%
rGO-NS50 56.79% 14.50% 22.71%
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