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Abstract

:

Graphene is a highly studied material due to its unique electrical, optical, and mechanical properties. Graphene is widely applied in the field of energy such as in batteries, supercapacitors, and solar cells. The properties of graphene can be further improved by making nanocomposites with conducting polymers. In this work, graphene oxide nanoribbons (GONRs) were synthesized by unzipping multiwall carbon nanotubes. Graphene nanoribbons were used to make nanocomposites with polypyrrole for energy storage applications. The synthesized nanocomposites were structurally and electrochemically characterized to understand their structure and electrochemical properties. The electrochemical characterizations of these nanocomposites were carried out using cyclic voltammetry. The specific capacitance of the nanocomposites was observed to decrease with increasing scan rates. The highest specific capacitance of 2066 F/g was observed using cyclic voltammetry for the optimized nanocomposite of GONR and polypyrrole. Our study suggests that the electrochemical properties of graphene or polypyrrole can be improved by making their composites and that they could be successfully used as electrode materials for energy storage applications. This study can also be extended to the self-assembly of other conducting polymers and graphene nanoribbons through a simple route for various other applications.
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1. Introduction


In recent decades, the fast growth of the global economy, a constant diminution of fossil fuels, and increased pollution in the environment have led to an ever-increasing demand for clean energy [1,2]. For the storage and conversion of electrochemical energy, supercapacitors are a preferable choice because of their high power capacity, low cost, environmental friendliness, and long cycle life [3,4]. One of the extremely suitable materials for supercapacitors is graphene [5]. It possesses useful characteristics such as being light in weight while having high electrical conductivity, exceptional mechanical strength, and a large surface area [6]. Nanotubes are also made using graphene sheets that are rolled up, while the football-shaped molecules of fullerenes are spherically wrapped-up graphene. All these different forms of graphene have been utilized in many different applications. However, their electrical and magnetic properties, as well as their elastic behavior have recently captured the attention of researchers.



Graphene oxide nanoribbons (GONRs) are one-dimensional structures of graphene that are typically obtained by unzipping carbon nanotubes (CNTs). Their magnetic and electronic properties have been studied and explored. Their electronic properties have a diverse range, including normal semiconductors to spin-polarized half metals, and they have the potential of opening GONRs as electric devices [7,8,9]. Other materials, such as conducting polymers (CPs), are also promising candidates for supercapacitors because of their low cost, higher capacity to store charges, and facile synthesis. Unfortunately, conducting polymers suffer from instability and their life cycle is therefore limited. The working potential range of the CP electrode is limited by degradation due to oxidation during long-term charge–discharge processes and, as a consequence, their conducting properties are gradually reduced [10,11]. The most significant p-type CP is polypyrrole. Polypyrrole has been used for energy storage applications because of its fast redox reaction, high conductivity, high energy density, and low cost [12,13]. It is also used in gas sensors, wires, and polymeric batteries [14,15,16]. Polypyrrole is also used in making composites with carbon-based materials [17]. In this condition, combining conducting polymers with the carbon material could be a suitable plan and method to gain an ideal capacitive characteristic and for application in energy storage devices.



Tran et al. used polyaniline and polypyrrole in combination with reduced graphene oxide to form a hybrid aerogel for supercapacitor application [18]. The synthesized hybrid aerogel, poly(aniline-co-pyrrole)/graphene aerogel showed a specific capacitance of 675 F/g at 0.5 A/g with outstanding cycling stability and Coulombic efficiency. Sun et al. have synthesized a self-standing nanocomposite foam of polyaniline/reduced graphene oxide for flexible supercapacitors [19]. The polyaniline/reduced graphene oxide-based supercapacitor showed a specific capacitance of 701 F/g at 1 A/g, with high cycling stability. The nanocomposite retained about 92% of its initial specific capacitance after 1000 cycles of charge–discharge study. A novel liquid/liquid interfacial polymerization method was developed to synthesize polypyrrole/graphene oxide nanocomposites [20]. The composites showed improved electrical conductivity and electrochemical reversibility with application in electrochemical energy storage devices. Li et al. fabricated and characterized free-standing polypyrrole/graphene oxide nanocomposite paper for supercapacitor applications [21]. The nanocomposite showed a specific capacitance of about 330 F/g at a scan rate of 100 mV/s with 91% retention in its charge storage capacity after 700 cycles. Konwer et al. used an in-situ polymerization method to synthesize polypyrrole/graphene oxide composite [22]. The synthesized composite showed significant improvement in DC electrical conductivity and charge storage capacity. An in-situ photopolymerization method was used for the synthesis of polypyrrole/reduced graphene oxide composites for energy storage applications [23]. Electrochemical studies showed a specific capacitance of 376 F/g at a scan rate of 25 mV/s for the composite. Zhu et al. used a one-step co-electrodeposition method to prepare polypyrrole/graphene oxide nanocomposite and observed the nanocomposite synergistic effect of polypyrrole and graphene oxide in energy storage capabilities [24]. Multilayered nanoarchitectures of graphene nanosheets and polypyrrole nanowires were developed for high-performance supercapacitors [17]. The multilayer nanoarchitecture of graphene nanosheets and polypyrrole nanowires displayed a specific capacitance of ∼165 F/g with high electrochemical cyclic stability.



In this study, we synthesized graphene nanoribbons by unzipping carbon nanotubes and graphene nanoribbons/polypyrrole composites to study the effect of composition on the structural and electrochemical properties for energy applications. It was observed that the electrochemical properties of the nanocomposite were significantly higher than their counterparts.




2. Experimental Details


Multiwall CNTs (MWCNTs) with an outer diameter of 110–170 nm and with length of 5–9 μm were purchased from Sigma-Aldrich, (St. Louis, MO, USA). Sulfuric acid, phosphoric acid, hydrochloric acid, potassium permanganate, and hydrogen peroxide was purchased from Fisher Scientific, Hampton, NH, USA. Ethanol, diethyl ether, polypyrrole, and ferric chloride were also purchased from Fisher Scientific, Hampton, NH, USA. Graphene nanoribbons were synthesized by unzipping CNTs. For this, 1 g of MWCNTs was dispersed in concentrated sulfuric acid (280 mL) and concentrated phosphoric acid (32 mL). In this, 10 g of potassium permanganate was slowly added under vigorous stirring. The reaction was carried out at 65 °C for 4 h. After that, the reaction mixture was cooled to room temperature and poured over ice water (800 mL) containing hydrogen peroxide (40 mL, 30%). The resulting mixture was congealed for 10 h, filtered through 0.2 μm filter paper (PTFE from Millipore, Burlington, MA, USA) and washed in succession with hydrochloric acid (30%), ethanol (100%), and diethyl ether (anhydrous). The final black material was dried at low heat (65 °C) in a vacuum oven for 10 h.



Polypyrrole was synthesized using a chemical polymerization process. First, pyrrole (0.8 mol) was dissolved in 30 mL of a water/ethanol mixture (1:1, v/v) and then sonicated for 30 min, followed by the addition of ferric chloride solution (0.8 mol ferric chloride in 20 mL of water) dropwise under vigorous stirring for 24 h. Finally, the obtained material was washed several times with a mixture of water and ethanol until the solution became colorless, and this was dried in a vacuum at 75 °C for 24 h.



For the synthesis of nanocomposites, first, synthesized graphene nanoribbons were dispersed in 50 Ml deionized (DI) water under ultrasonication for 30 min. In another beaker, pyrrole (0.08 mol) was dissolved in 30 mL of a 1:1 water:ethanol mixture. The resultant solution was then added to the dispersion of graphene nanoribbons under ultrasonication for another 30 min. After that, ferric chloride solution (0.04 mol ferric chloride in 20 mL of water) was added dropwise to the above mixture under vigorous stirring for 24 h. The polypyrrole (PPy)/GONR composites obtained were washed several times with a mixture of water and ethanol until the solution became colorless, and were dried in a vacuum at 75 °C for 24 h. The weight ratios of pyrrole to graphene nanoribbons were varied as 99.5:0.5, 98.5:1.5, and 97:3. The resulting nanocomposites were denoted as 0.5 PPyGONR, 1.5 PPyGONR, and 3 PPyGONR. For comparison, the neat PPy was also polymerized by a similar method without the addition of GONRs.



The synthesized materials were characterized using a variety of techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), Raman spectroscopy, and electrochemical measurements. The surface morphologies of the MWCNTs, GONRs, PPy, and PPyGONR nanocomposites were characterized using SEM (QUANTA-200, FEI Company, Hillsboro, OR, USA). Structural examination of synthesized materials was performed through a Shimadzu X-ray diffractometer. The diffractometer was set on the 2θ–θ scan setting with radiation of CuKα1 (λ = 1.5406 Å). Slits of 0.3 mm were applied for the source and detector sides. A voltage of 40 kV and a current of 30 mA were applied for X-ray generation. Then, diffraction patterns in the form of X-ray counts were collected utilizing a detector. The sample was rotated through 2θ = 8°–80° for this collection. Raman studies were carried out using an argon ion laser with a wavelength of 514.5 nm as the excitation source (Model Innova 70, Coherent, Santa Clara, CA, USA). TGA was performed using a TA instrument (TGA Q500, New Castle, DE, USA) with a ramp-rate of 10 °C/min in nitrogen atmosphere. A typical three-electrode cell system was utilized for performing electrochemical measurements. In the three-electrode cell system, a reference electrode (a saturated calomel electrode), a counter electrode (a platinum wire), and a working electrode (synthesized nanocomposites on nickel foam) were used. For the preparation of a working electrode, first, nickel foam was cleaned using 3 M HCl solution, followed by a cleaning using water and acetone. A paste consisting of the synthesized sample (80 wt.%), acetylene black (10 wt.%), and polyvinylidene difluoride (PVDF, 10 wt.%) was prepared using N-methyl pyrrolidinone (NMP) as a solvent. This paste was then applied to a pre-cleaned and weighted nickel foam. The paste was then dried under vacuum at 60 °C for 10 h. In the process of electrochemical testing, a 3 M KOH solution was utilized as an electrolyte. The electrochemical testing was performed using an electrochemical workstation (Versastat 4-500) from Princeton Applied Research, Oak Ridge, TN, USA. To examine the electrochemical attributes of these nanocomposites, cyclic voltammetry (CV) was performed.




3. Results and Discussion


The microstructures of MWCNTs, GONRs, polypyrrole, and nanocomposites of polypyrrole and GONRs were analyzed using scanning electron microscopy. The micrographs obtained are shown in Figure 1 and Figure 2. The micrograph of pure MWCNTs showed tube-like structures (Figure 1a,b). The micrograph of pure GONRs (Figure 1c,d) revealed that the GONR layers were densely stacked as coralline-like flakes of irregular dimensions. On the other hand, the SEM image of PPy showed the segregation of PPy nanoparticles to form cauliflower-like structures (Figure 1e,f). A similar observation was found in previous studies as well [25]. The thermal degradation behavior of MWCNTs is given in Figure S1. As seen in the TGA curve, the MWCNTs showed a slow degradation residual weight of about 90% at 700 °C.



Figure 2a–c shows the microstructure of nanocomposites. It is evident from these images that the addition of GONRs led to the uniform growth of PPy nanoparticles on the GONRs. This could be a result of interactions (e.g., physical forces, hydrogen bonding, and pi-stacking) between GONRs and PPy [26]. Some aggregates of PPy nanoparticles could also be seen in the 3 PPyGONR composite. With a decreasing concentration of PPy, the roughness of stacked GONRs increased, and a large variety of pores were observed. Similar behavior was observed by Kovtyukhova et al. [27]. Such surface features can significantly improve the charge transfer characteristics and capacitance of the PPyGONR electrode [28].



The unzipping and exfoliation of MWCNTs to form graphene oxide nanoribbons were investigated using XRD analysis. Figure 3 shows the XRD patterns of MWCNTs, GONRs, PPy, and their composites, respectively. In the case of MWCNTs (Figure 3a), the diffraction peaks in the vicinity of 25°, 45°, and 55° could be related to the (002), (100), and (004) planes of hexagonal graphite structure, respectively [29]. A strong reflection was obtained for GONRs around 2θ = 10°, corresponding to an interlayer spacing of 8.47, confirming the exfoliation of the sheets (Figure 3b). The shift of the (002) peak to low intensity was related to the attachment of residual functional groups having oxygen. These functional groups were bonded to the GONR sheets, and led to an increase in the interlayer spacing of the graphitic structure [26]. The diffraction patterns for pure PPy gave a broader peak in the region of 2θ = 20° to 28° and this indicated the formation of the amorphous phase of PPy (Figure 3c). The diffraction patterns for the PPy/GONR composites were very similar to that of PPy with no observation of diffraction peaks due to GONRs (Figure 3d–f). This could be due to the complete covering of GONRs by PPy and the low intensity of GONRs [26].



Raman spectroscopy was used to further characterize the samples. Figure 4 shows the Raman spectra of all the samples. Figure 4a,b shows the Raman spectra of MWCNTs and GONRs, respectively. GONRs showed two high-intensity bands around 1586 cm−1 and 1345 cm−1 which could be labeled as G and D bands of graphite or graphene, respectively. These bands were related to the in-plane optical vibration of graphite lattice and the first-order scattering of zone boundary phonons (E2g mode) [25,30]. In the case of PPy, intense bands around 555 cm−1 and 1050 cm−1 were obtained (Figure 4b). These bands indicated the C–H out-of-plane and in-plane formation of PPy backbone [31]. The Raman spectra of the three composites are given in Figure 4c–e. The obtai0ned bands in the spectra of three composites had values of around 1560 cm−1 and 1340 cm−1 which corresponded to G and D bands of the GONR. For all three samples, the broadness of bands was attributed to the interaction of PPy with graphene oxide (GO) sheets [31,32].



The purpose of this experiment was to study the electrochemical properties of synthesized GONRs, PPy, and their nanocomposites. Cyclic voltammetry measurements were performed in 3 M KOH electrolytes to investigate their electrochemical properties. Figure 5a–e shows the CV curves of GONRs, PPy, and their nanocomposites at various scan rates, respectively. The existence of redox peaks was evident in the cyclic voltammograms of these samples, which indicated that the charge storage process in this system was dominated by the redox process. Specific capacitance of these electrodes was calculated using the measurements from the cyclic voltammetry data. The following is the expression used in the calculation of specific capacitance (Csp) of the electrodes:


Csp=Q∆V.(∂ϑ∂t).m,



(1)




where ∂ϑ/∂t is the scan rate, Q is the area under the CV curve, m is the mass of the sample and ΔV is the potential window of CV measurement. Figure 6a–e indicates the variation in specific capacitances as a function of scan rate for various samples. It was observed that specific capacitance decreased with an increase in scan rate, which could be due to insufficient time for redox reaction at higher scan rates. In this process, the electrochemical stability of the electrodes was evident, as the shapes of the CV curves were similar even at high scan rates. It was also observed that with the increase in scan rate, the peak position was shifted towards a higher potential. It can be inferred that the transfer of charge was the result of a diffusion-controlled process in these materials. GONRs and PPy showed specific capacitances of 415 and 522 F/g, respectively. The maximum value of specific capacitance was observed to be 2066 F/g for 3 PPyGONR. The specific capacitances of 0.5 PPyGONR and 1.5 PPyGONR were calculated to be 659 and 1368 F/g, respectively, which confirms that increasing the amount of GONR improved the electrochemical performance of the electrode. The high capacitance may be due to the highly porous structure of the composite and synergism between PPy and GONRs. Grover et al. synthesized graphene oxide nanoribbons (GONRs)- and reduced graphene oxide nanoribbons (RGONRs)-supported polyaniline (PANI) nanocomposites [33]. The highest specific capacitance found for GONR/PANI was 740 F/g and for RGONR/PANI it was 1180 F/g. Lacey reduced graphene oxide nanoribbons (LRGONRs) were chemically synthesized by Sahu et al. for supercapacitor applications. Using three-electrode cells, a high specific capacitance of 1042 F/g was reached at 1 mV/s [34]. A nanocomposite of polyaniline and graphene nanoribbons was studied by Li et al., who found a high specific capacitance of 340 F/g and a very stable performance [35]. As can be observed from other reported studies, our 3 PPyGONR is a promising material for supercapacitor applications.




4. Conclusions


Graphene nanoribbons were synthesized by unzipping MWCNTs. A facile chemical method was used to synthesize nanocomposites of PPy and GONRs. The synthesized materials were structurally characterized using SEM, XRD, and Raman spectroscopy. Using SEM, it was observed that the nanocomposites were made of polypyrrole nanoparticles. A large number of pores were observed in the composites. PPyGONR had a higher surface area than PPy, which improved the charge storage capacity of the nanocomposites. The electrochemical measurements showed the highest specific capacitance of 2066 F/g for 3 PPyGONR, which was observed to a decrease with increasing scan rates. The electrochemical results suggested that nanocomposites could be used as an electrode material for the fabrication of high-capacity supercapacitors. Finally, this study can be extended to the self-assembly of other conducting polymers and graphene nanoribbons through a simple route for various applications.
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Figure 1. SEM images of (a,b) multiwall carbon nanotubes (MWCNTs); (c,d) graphene oxide nanoribbons (GONRs) and (e,f) polypyrrole (PPy) at various magnifications. 
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Figure 2. SEM images of PPy/GONR nanocomposites (PPyGONRs): (a,b) 0.5 PPyGONR, (c,d) 1.5 PPyGONR, and (e,f) 3 PPyGONR at various magnifications. Numerals indicate the weight ratio of GONRs in the nanocomposite, with the balance made up of PPy. 
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Figure 3. XRD patterns of (a) MWCNTs; (b) GONRs; (c) polypyrrole; (d) 0.5 PPyGONR; (e) 1.5 PPyGONR; and (f) 3 PPyGONR. 
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Figure 4. Raman spectra of (a) MWCNTs (b) GONRs, (c) PPy, (d) 0.5 PPyGONR, (e) 1.5 PPyGONR, and (f) 3 PPyGONR. 
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Figure 5. Cyclic voltammograms at various scan rates of (a) GONRs, (b) PPy, (c) 0.5 PPyGONR, (d) 1.5 PPyGONR, and (e) 3 PPyGONR. 






Figure 5. Cyclic voltammograms at various scan rates of (a) GONRs, (b) PPy, (c) 0.5 PPyGONR, (d) 1.5 PPyGONR, and (e) 3 PPyGONR.
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Figure 6. Variation of specific capacitance versus scan rate for (a) GONRs, (b) PPy, (c) 0.5 PPyGONR, (d) 1.5 PPyGONR, and (e) 3 PPyGONR. 
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