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Abstract

:

The chemical exfoliation of graphite to produce graphene and its oxide is undoubtedly an economical method for scalable production. Carbon researchers have dedicated significant resources to developing new exfoliation methods leads to graphene oxides with high quality. However, only a few studies have been dedicated to the effect of the starting graphite material on the resulting GO. Herein, we have prepared two different GOs through chemical exfoliation of graphite materials having different textural and structural characteristics. All samples have been subjected to structural investigations and comprehensive characterizations using Raman, X-ray diffraction, scanning electron microscopy, TGA, N2 physisorption, and FTIR spectroscopy. Our results provide direct evidence of how the crystallite size of the raw graphite affects the oxidation degree, surface functionality, and sheet size of the resulting GO. Building on these significant understandings, the optimized GO achieves a highly specific capacitance of 191 F·g−1 at the specific current of 0.25 A·g−1 in an aqueous electrolyte. This superior electrochemical performance was attributed to several factors, among which the specific surface area was accessible to the electrolyte ions and oxygenated functional groups on the surface, which can significantly modify the electronic structure of graphene and further enhance the surface energy.
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1. Introduction


Today, many ongoing studies are focusing on every possible type of advanced energy storage device, including alkali metal-ion batteries, fuel cells, and supercapacitors [1,2,3]. The latter are considered among the most promising devices due to related high power densities and a long cyclic life [4]. Generally, electrodes with a large surface area and a well-designed pore size distribution are found to be responsible for the excellent capacitive performance of supercapacitors [5]. A remarkable number of different types of carbon materials, such as activated carbon, graphene, carbon nanotubes, and carbon nanofibers, have been investigated to check their performances as electrodes for supercapacitor applications [6,7,8]. Among them, two-dimensional graphene-like sheets have recently received rapidly growing attention in supercapacitors, mainly because of their highly specific surface area (∼2600 m2·g−1), superior electrical conductivity, and excellent chemical stability [9,10]. However, when graphene layers are assembled into a supercapacitor electrode, the unavoidable aggregation of graphene nanosheets and their strong π–π interactions will eventually cause a compact restack of the atomic layers, which restricts the diffusion of electrolyte ions between graphene layers [11]. Consequently, the capacitance of the graphene inevitably decreases far below its theoretical value (21 µF·cm2). Recently, there has been an increasing amount of research into graphene oxide (GO), which exhibits higher capacitance than graphene due to the presence of oxygen-containing functional groups on its basal planes and at its edges such as epoxy, carbonyl, and carboxyl groups [12]. The presence of these oxygen functionalities in GO participates in redox reactions and thus contributes to an additional pseudo-capacitance.



GO can be obtained by chemical oxidative exfoliating of graphite powder, which is the most widely used method for graphene preparation due to its low cost, facile preparation process and significant productivity [13]. In oxidation–exfoliation, GO synthesis normally begins by intercalating a strong oxidant and concentrated acidic solution to oxidize the graphite material. The most popular methods for GO were the Hummer’s method and modified Hummer’s method, which use the mixture of potassium permanganate (KMnO4) and sulfuric acid (H2SO4) [14,15]. In addition, many efforts have been made recently to optimize the preparation methods, but the protocols developed are not significantly different from the initial Hummer’s method [16,17,18,19]. However, even though GO is being fabricated using the modified Hummers method, the experimental conditions differ for each research group, and the physical and chemical structures of the GO vary significantly.



Besides, the structural and textural properties of graphite used as a precursor are also considered key parameters governing the production of high-quality GO. Many studies have investigated the influence of the particle size of the precursor graphite on the GO structure by using graphites with different particle and crystallite sizes [20,21] as precursors. It was found that the graphites with a large crystallite size led to the formation of a GO with a high proportion of hydroxyl (–OH) and epoxy (C–O–C) groups located at the plane, whereas oxidation at the sheet edges was dominant for graphites with smaller crystallites [20]. Furthermore, large and nonuniform graphite flakes made oxidation very difficult by limiting the reactant diffusion inside the crystallite [22]. Therefore, several methods have been proposed to improve this diffusion [23,24]. Recently, Yuhang Liu and his colleagues showed that adding ammonium persulfate ((NH4)2S2O8) to concentrated sulfuric acid as a gas expansion agent enables the expansion of the graphite structure, which improves its specific surface area and, therefore, allows for the penetration of oxidizing agents [25]. This approach has been adopted in the present work and yields GOs from graphite with different crystallite sizes. The key objective in the present work is to explore and establish the influence of the structural and textural properties of graphite materials on the physical-chemical properties of graphene oxides. The as-prepared GOs are investigated with respect to potential application as electrodes for supercapacitor applications. The properties of the synthesized GOs are extensively studied and compared to understand the effect of structural and textural properties of the graphite. The electrochemical performance of GOs is also evaluated in an aqueous electrolyte. The obtained results are discussed and compared with respect to other cutting-edge research results.




2. Materials and Methods


2.1. Chemicals


KS6 (S-231) and SFG6 (R-154) graphite flakes were purchased from TIMCAL group Ltd. Potassium permanganate (KMnO4, AR, ≥99%), sodium nitrate (NaNO3, AR, ≥99%), concentrated sulfuric acid (H2SO4, AR, 96%), and hydrogen peroxide (H2O2) were obtained from SIGMA ALDRICH. Ammonium persulfate ((NH4)2S2O8, 98%) was purchased from Alfa Aesar. All reagents were used as received without any further treatment.




2.2. Materials Synthesis


In a round bottom flask, 2 g of graphite (KS6 or SFG6) was dispersed in 80 mL concentrated sulfuric acid using a magnetic stirrer at 30 °C. After 10 min, 20 g of ammonium persulfate (NH4)2S2O8 was added to the graphite suspension and stirred for 2 h to obtain an expanded graphite. The gas expansion process was followed by adding another 120 mL of concentrated sulfuric acid. The mixture was transferred into an ice water bath to ensure a temperature below 5 °C. One gram of sodium nitrate was added to the mixture; subsequently, 16 g of potassium permanganate was equally divided into 6 parts and added every 10 min. The mixture was placed in a 35 °C water bath and stirred for 2 h. Then, 400 mL of distilled water was added dropwise, and therefore graphene oxide was acquired. Once the temperature decreased to 25 °C, 30 mL of hydrogen peroxide was added into the mixture to reduce the unreacted potassium permanganate until a yellowish suspension was obtained. The mixture was filtered and washed under vacuum with distilled water until the filtrate reached a neutral pH. The obtained material was dried in a 100 °C oven for 24 h and ground by an agate mortar. The final product is denoted GO-KS6 (graphene oxide KS6) and GO-SFG6 (graphene oxide SFG6), respectively, originating from graphite sources KS6 and SFG6.




2.3. Materials Characterization


To understand the structural and textural implications of graphite on the synthesis of an ideal graphene oxide, the morphologies of all samples were examined by scanning electron microscopy. RAMAN spectra were obtained using a HORIBA LabRAM HR Evolution at room temperature with an integration time of 10 s for three accumulations using a 100× objective lens and a laser source of 514 nm. The nitrogen adsorption equilibrium isotherms were obtained using a QUADRASORB EVO analyzer measured at 77 K. All samples were degassed at 353 K for 4 h under vacuum before all porosity measurements. The specific surface area (SBET) was determined by the Brunauer–Emmett–Teller (BET) theory, considering the molecular cross-sectional area of N2 at 77 K to be 0.162 nm2 [26]. Pore size distribution and pore volume were calculated using the Quenched Solid-state Density Functional Theory (QSDFT) [27]. Crystallographic properties of all the samples were investigated by X-ray diffraction using an X-ray diffractometer D8 Discover operating at 40 kV and 40 mA using Ni-filtered Cu Kα radiation (k = 0.15406 nm). Data were recorded in the 2θ range of 15° and 70° with a step size of 0.02° and a step time of 1 s. The structural parameters included the interplanar distance (d002), crystallite diameter (La), and crystalline height (Lc), which were calculated according to Equations (1)–(3), using the full-width at half-maximum values of (002) and (100) peaks [28].


   d  002   =  λ  2 s i n θ    



(1)






   L  a     =   K λ    β a  c o s  θ a       



(2)






   L  c     =   K λ    β c  c o s  θ c       



(3)




where d = the interlayer spacing, θ = the diffraction angle, λ = the wavelength of the X-ray source, and β = the full peak width of the diffraction peak at half the maximum height (FWHM).



To investigate the functional groups in the all samples, PerkinElmer Spectrum Two was used for the Fourier-transforming infrared spectroscopy (FTIR) analysis. TGA experiments were performed on all the samples under the N2 atmosphere at a flow rate of 60 mL/min and a heating rate of 5 °C·min−1 from 100 °C to 600 °C, using a TGA 800 PerkinElmer.




2.4. Electrochemical Characterization


For electrochemical characterization, working electrodes (Graphite KS6, Graphite SFG6, GO-KS6, or GO-SFG6) and counter electrodes (activated carbon with a large surface area) were prepared by mixing 80% active material, 10% carbon black, and 10% polytetrafluoroethylene (PTFE). The prepared paste was then kneaded into a paper-like form and dried at 60 °C for 12 h, before being pressed at 10 tones on a 10 mm of diameter stainless steel round mesh. A 3-electrode Swagelok type cell was assembled using the prepared working electrodes (WE), the counter electrode (CE), and the saturated calomel electrode (SCE) as reference electrodes, and an electrolyte containing 0.5 M potassium sulfate (K2SO4) dissolved in degassed distilled water.





3. Results and Discussion


3.1. Materials Characterization


Raman spectroscopy and X-ray diffraction were used for further investigation of the crystallographic structure of the graphite samples and the as-prepared GOs. Figure 1 shows the Raman spectrum of both graphite and the synthesized GOs. All profiles were normalized by the peak of the G band appearing at 1580 cm−1, which originates from the vibration of ordered sp2 carbon. The D band at ∼1350 cm−1 is attributed to the defects of graphite and the double resonant processes near the K point of the Brillouin Zone boundary [29]. The intensity ratio of the D to the G band can be used to estimate the graphitization degree of the carbon-based materials. Thus, the ID/IG ratio tends to increase with the reduction of the crystallite size of the graphite due to the presence of edge defects. The Raman spectra of KS6 show a higher ID/IG (0.37) value compared with the SFG6 (0.27), indicating that the KS6 have a smaller crystallite size. The Raman spectra of GO-KS6 and GO-SFG6 exhibit a typical graphene-like pattern. It is important that the ID/IG ratio of GO-KS6 (1.04) is slightly higher than the ID/IG ratio for GO-SFG6 (0.96), indicating that the GO-KS6 sheets have more defects in their structure. Figure 1b shows the XRD diffraction results of the graphite powders as well as the graphene oxides prepared. The XRD diffractogram of graphite materials shows the absence of any peaks attributed to the mineral phase, indicating their high purity and good graphitic structure. The graphite samples show a (002) peak near 26° and a (100) peak near 43° [30].



As shown in Table 1, the two graphites are characterized by similar interplanar distances (∼0.30 nm). In good agreement with the results of Raman studies, SFG6 graphite presents a larger crystallite size than KS6. After the exfoliation process, the peak (002) is transferred to the range of 20 to 26°, confirming the significant presence of the sp2 domains, possibly with the off-the-plane oxygen groups. In addition, the crystallite size of GOs decreases significantly, while the interplanar distance increases. The increasing of the interplanar distance between the graphene layers of the GOs samples due to the attachment of the oxygen functional groups on the graphene nanosheet that work as spacers was confirmed by the TGA and FTIR investigations. However, the GO obtained from KS6 yielded a slightly higher d002. These features are, apparently, associated with the small crystallites size of the KS6, which is easily oxidized to form more oxygen-containing functional groups on the graphene edges. Owing to its larger crystallites size, the oxygen functional groups on GO-SFG6 mainly occur in the basal plane defects, resulting in the significant modification of the electronic structure of graphene and the further enhancement of the surface energy.



The textural characterization of all the samples was investigated using N2 physisorption measured at 77 K. Figure 1c shows the isotherms obtained. Based on the International Union of Pure and Applied Chemistry (IUPAC) classification, these isotherms are characteristic of type IV and a hysteresis loop of H4 attributed to the capillary condensation of N2 in the mesoporous structure [31]. The measured isotherms permitted the determination of textural parameters of all samples presented in Table 2. The largest SBET value was obtained for GO-KS6 (50 m2/g), while GO-SFG6 yielded a slightly reduced SBET (37 m2/g). However, the pores size distribution (PSD) derived from N2 adsorption isotherms using the DFT method showed some porosity distribution for the two prepared GOs. The developed porosity is predominantly microporous, with some amount of mesopores, as depicted by the shoulders between 20 and 80 Å (Figure 1d). Despite lower values of BET surface aera, the electrochemical performances of the synthesized GOs will certainly depend not only on the nature of porosity but also on other parameters, such as the surface energy, the structural properties, and the electronic properties of involved surface functions.



The morphology of the graphite samples and synthesized GOs was investigated by SEM. Figure 2a,b shows the SEM images obtained for the above graphite powders and they all exhibit a flake-like structure with sharp edges. In agreement with the XRD and Raman results, the graphite KS6 presents fine particles compared to SFG6. Furthermore, as shown in Figure 2c,d, the GO-KS6 sample seems to present a honeycomb-like structure with large porous multi-cavities. Moreover, in contrast to the displayed smooth rifts and crannies of GO-KS6, the surface of GO-SFG6 presents randomly aggregated, thin, crumpled sheets closely associated with each other and forming a disordered solid.



Thermogravimetric analyses were employed on graphite and graphene-oxide materials to glean information on oxygen functionalities. In Figure 3a, KS6 graphite does not show any weight loss even at 600 °C, counter to SFG6 graphite, which exhibits a 4% drop by losing the unstable functioning groups. On the other hand, the release of pore water trapped between GO-KS6 and GO-SFG6 sheets is expressed by a small weight drop (4% and 6%, respectively) before 100 °C. The next weight drop starts at around 160 °C and keeps going slowly and steadily until it reaches a total of 20% for GO-KS6 and 24% for GO-SFG6. The drop at low temperatures (160 °C to 380 °C) can be attributed to the elimination of the moisture and the H2O molecules and the decomposition of unstable O2-rich functional moieties such as alcohol, and epoxy groups [32]. At the temperatures above 400  °C, there is a general decline of the relatively stable O2-rich moieties such as quinine, alcohol, and terminal carboxyl groups in the sp2 hybridized c-network in GOs [33,34]. Even though graphene samples show comparable results, the oxidation level of GO-SFG6 may be higher than that of GO-KS6.



To determine the existing functional groups for each material, FTIR analysis was performed. As displayed in Figure 3b, both graphite samples (KS6 and SFG6) show no significant peaks of any functional groups, indicating the chemical inertia of commercial graphite materials. To counterbalance, GO-KS6 and GO-SFG6 show intense and steep peaks (1180 cm−1, 1560 cm−1, and 1720 cm−1) that correspond, respectively, to the C-O-C, C=C, and C=O groups. These results confirm the presence of certain oxygen functional groups on the graphene oxide sheet structure, which is in good agreement with the TGA results. It is worth noting that the FTIR spectra of the GOs prepared do not reveal the presence of well-defined peaks that might be associated with any N-containing functional groups (3200–3700 cm−1) that can be drawn from ammonium persulphate. Figure 3c shows the digital pictures of the GOs dispersion in various types of solvents. Owing to its high oxygen-containing functional groups on the surface, GO-SFG6 showed very good dispersion in water, N-methyl-2-pyrrolidinone, and acetone. These solutions are usually stable for a long period of time, depending on the concentration. However, some of the GO-KS6 particles underwent significant aggregation and precipitated to the bottom of the container, thereby resulting in a transparent solution. This is, presumably, due to a low oxidation degree of GO-KS6 sheets because of π-π stacking interactions. By performing wettability and surface tension measurements, the contact angle of water in GO-KS6 and GO-SFG6 has been estimated to be ∼87° and ∼66°, respectively, as shown in the images of Figure 3d. Thus, the analysis of the GO materials by the contact angle was in good agreement with the results of the textural and structural characterizations. The numerous defects on the GO-SFG6 layers can potentially alter their surface energy, and that in turn enhances their surface polarity. Therefore, as-prepared GOs with higher defect densities were expected to exhibit higher electrochemical performances as electrodes for supercapacitors.




3.2. Electrochemical Properties


For a better understanding of the synthesized materials and the effect of their structural and textural properties on their capacitance to store energy, a series of electrochemical analyses were conducted on all materials by a three-electrode system in the 0.5 M K2SO4 electrolyte. Using cyclic voltammetry at a scan rate of 20 mV·s−1 in a voltage window between −0.9 V and 0 V versus SCE, we implemented a basic comparison between each graphite and its synthesized graphene. As shown in Figure 4a,b, both graphite samples generate a negligible specific current next to that of graphene. The specific capacitance for KS6 and SFG6 graphite is 5 F·g−1 and 6 F·g−1, respectively. Contrastingly, the specific capacitance of GO-KS6 and GO-SFG6 is dramatically increased to 115 F·g−1 and 141 F·g−1, representing, respectively, 20 and 22 times more specific capacitance than that of starting graphite. This significant difference can be attributed to the increased specific surface area (≈2 times more surface in graphene materials than in graphite) and hence the accessible graphene pores, as well as the increased surface energy and conductivity.



Figure 4a,b also demonstrates the difference between GO-KS6 and GO-SFG6. Both materials show a nearly rectangular CV curve, indicating excellent charge capacitive and the low level of activity of the oxygen functional groups. However, GO-SFG6 distinguishes itself from GO-KS6 with a less oblique loop, representing better conductivity and a larger current density. We further studied graphene materials by implementing different scan rates, 1 mV·s−1 to 100 mV·s−1. Using CV curves in Figure 4c,d, we calculated the specific capacitance of GO-KS6 and GO-SFG6 at different scan rates.



As shown Figure 4e, the GO-KS6 sample reached the specific capacitance value of 210 F·g−1 at 1 mV·s−1. When the scan rate was increased, the specific capacitance decreased gradually until it reached 61 F·g−1 at 100 mV·s−1. For GO-SFG6, even though it showed less specific capacitance than GO-KS6 (191 F·g−1) at 100 mV·s−1, it maintained its capacitance better, even at 100 mV·s−1 (95 F·g−1). GO-SFG6 retained 50% of its initial specific capacitance, while GO-KS6 only kept 29%. These results confirm that GO-SFG6 has better electrochemical kinetics and can function properly even at high scan rates. Using galvanostatic charge–discharge, we investigated the rate capability of graphene materials between 0.25 A·g−1 and 3 A·g−1. The results exhibited in Figure 4f confirm that GO-SFG6 demonstrates better electrochemical kinetics, starting with 207 F·g−1 at 0.25 A·g−1 and maintaining 134 F·g−1 at 3 A·g−1 (represents 64%), while GO-KS6 started with 232 F·g−1 at 0.25 A·g−1 and kept 95 F·g−1 at 3 A·g−1 (represents 40%). Based on the previous textural and structural characterizations, the higher electrochemical performances of the GO-SFG6 sample might be associated with the higher attractive force imparted by the related important presence of non-carbon elements, such as oxygen.



Since we have already demonstrated the effect of the electrochemical kinetics on the specific capacitance, we considered the presence of two storage mechanisms, the capacitive mechanism, and the faradic-controlled mechanism. The capacitive mechanism is known for its fast kinetics at the electrode–electrolyte interface, even at high-current densities. On the other hand, the faradic-controlled mechanism is much slower, originating from the functional groups’ redox reactions. From cyclic voltammetry at different scan rates and using Dunn’s method, we can quantify the contribution of both mechanisms at different kinetic properties [35]. The capacitive contribution was calculated by Dunn’s method. At a fixed voltage, the capacitive current and the diffusion-controlled current can be described by Equations (4) and (5).


   i  c a p    v  =  k 1  v    



(4)






   i  f a r    v  =  k 2   v   1 2       



(5)







The current measured by cyclic voltammetry is:


   i  C V    v  =  k 1  v +  k 2   v   1 2     



(6)







After we divide Equation (5) by    v   1 2     , we get


     i  C V    v     v   1 2      =  k 1   v   1 2    +  k 2   



(7)







By collecting icv(v) from cv plots at different scan rates and plotting      i  C V    v     v   1 2        v s    v   1 2     , we obtained a linear equation where k1 represents the slope and k2 represents the intercept. Then, we could calculate the capacitive current and diffusion-controlled current.



In our calculation, we input 1000 points selected from each CV curves (−0.9 V to 0) at scan rates of 1, 5, 10, 15, 20, and 30 mV·s−1 for each electrode.



Faradic-controlled contribution for GO-KS6 (Figure 5) is remarkably higher than GO-SFG6; it starts at 22% for a scan rate of 30 mV·s−1 and increases to 63% at 1 mV·s−1. Considering how slow this mechanism is, it cannot deliver as much capacitance as it can in high-current densities. This explains the capacitance decay at highly specific currents. On the other hand, GO-SFG6 holds a larger capacitive contribution even at low scan rates (63% at 1 mV·s−1). This means that this material can work at highly specific currents because most of its capacitance is associated with a fast kinetic mechanism.



The electrochemical capacitance values obtained with the GOs prepared in our work are presented in Table 3 for the sake of comparison with the most relevant values reported in the literature for several GOs prepared by the different methods, including some reduced graphene oxide.





4. Conclusions


In summary, graphene oxides derived from two graphites were synthesized and tested as a supercapacitor electrode. The observed difference in the structural and textural properties of the graphites has enabled us to obtain two graphene oxides. So far, the experimental investigations indicated that the graphene oxide obtained from the graphite with a large crystallite size was found to present high surface energy, mainly due to its high proportion of oxygen function groups and basal plane defects, whereas the graphene oxide with the small-crystallite-sized graphite contained predominantly edge plane defects, indicating their different chemical behavior. Further, the GO-SFG6 with a high surface energy electrode provided a superior specific capacitance of 162 F·g−1 at 1 A·g−1.These results provide direct evidence of the active role played by the structural characteristics of the parent graphite, resulting in graphene oxides with promising potential for supercapacitor applications.
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Figure 1. (a) The Raman spectra, (b) the X-ray diffraction patterns, (c) the N2 adsorption isotherms, and (d) the pore size distribution obtained from all GOs prepared and from both graphite precursors. 
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Figure 2. The SEM micrographs of the KS6 (a), SFG6 (b), GO-KS6 (c), and GO-SFG6 (d). 
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Figure 3. (a) The TGA profiles of all samples. (b) The FTIR specters of all samples. (c) The digital pictures of the GOs dispersions in various solvents. (d) The digital pictures of contact angle measurements of water in GO-KS6 and GO-SFG6 samples. 
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Figure 4. (a) The CV comparison between KS6 graphite and GO-KS6, (b) the CV comparison between SFG6 graphite and GO-SFG6, (c) the CV curves of GO-KS6 at different scan rates, (d) the CV curves of GO-SFG6 at different scan rates, (e) the capacitance retention at different scan rates, and (f) the specific capacitance at different specific currents in the galvanostatic charge–discharge. 
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Figure 5. (a,b) The capacitive contribution of GOKS6 at different scan rates; (c,d) the capacitive contribution of GO-SFG6 at different scan rates. 
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Table 1. The structural parameters of the graphite precursors and the prepared GOs.
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Sample

	
XRD

Parameters

	
Raman

Parameters




	
d002(nm)

	
La (nm)

	
Lc (nm)

	
ID/IG






	
KS6

	
0.33

	
19.18

	
31.25

	
0.37




	
SFG6

	
0.31

	
20.85

	
40.21

	
0.27




	
GO-KS6

	
0.40

	
4.63

	
20.76

	
1.04




	
GO-SFG6

	
0.36

	
4.51

	
17.67

	
0.96
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Table 2. The textural parameters of the graphite precursors and the prepared GOs.
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Sample

	
SBET

	
Pore Volume

(cm3/g)




	
VT

	
Vmicro

	
Vmeso

	
Vmicro/VT

(%)






	
KS6

	
20

	
0.037

	
0.006

	
0.031

	
19.35




	
SFG6

	
15

	
0.030

	
0.005

	
0.024

	
20.83




	
GO-KS6

	
51

	
0.094

	
0.016

	
0.078

	
82.97




	
GO-SFG6

	
31

	
0.062

	
0.011

	
0.051

	
82.25
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Table 3. The performance comparison of GOs-based-derived electrodes under a three-electrode system in aqueous electrolytes.
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	Material
	Electrolyte
	Capacitance
	References





	Holey

graphene
	6 M KOH
	190 F·g−1

at 1 A·g−1
	[36]



	Reduced

GO
	2 M KOH
	212 F·g−1

at 1 A·g−1
	[37]



	Reduced

GO
	1 M Na2SO4
	114 F·g−1 at 3 A·g−1
	[38]



	GO

nanosheets
	1 M Na2SO4
	98.8 F/g at 0.5 mA/cm2
	[39]



	Reduced

GO aerogel
	1 M Na2SO4
	123 F·g−1 at 5 mV/s
	[40]



	Graphene

Hydrogel
	1 M KOH
	160 F·g−1 at 1 A·g−1
	[41]



	GO
	6 M KOH
	123 F·g−1 at 5 A·g−1
	[11]



	GO-KS6
	0.5 M K2SO4
	143 F·g−1 at 1 A·g−1
	This work



	GO-SFG6
	0.5 M K2SO4
	162 F·g−1 at 1 A·g−1
	This work
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  carbon-08-00027


  
    		
      carbon-08-00027
    


  




  





media/file2.png
—
fo¥)
S

Intensity (a.u.)

GO-SFG6

GO-KS6

Intensity (a.u.)

SFG6
—A-——

KS6

1200 1500 1800 2100 2400 2700 3000
Raman shift (cm)

(c)
o
5 15°f

125 -

(cm?
>
(=]

q
(4]
1

(%))
o
1

25

—— KS6 —/— SFG6
—0— GO-SFG6 —0— GO-KS6 0

Volume adsorbed

T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative pressure (p/pg)

(b)

002)

(100)
(101) (004)

N
N
t

GO-SFG6

GO-KS6
M

SFG6

)

-

KS6

—

( d)15 20 25 30 35 40 45 50 55 60 65 70

~ 0.006
o

26 ()

o =) =
o o o
=] =] =]
@ & ty
1 i 1 i 1

0.002 -

o

L=

o

-
1

Difference pore volume (cm3l

0.000 -

— GO-SFG6
—— GO-KS6

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Pore width (A)






media/file5.jpg
(a)

Weight (%)
8 & 8 8 8

——Ks6

| — sFG6
——GO-KS6
——GO-SFG6

(b)

Transmitance (%)

100 200 300
Temperature (°C)

87°

GO-Ks6

3300 3000 2500 2000 1500 1000
Wavenumbers (cm™)






media/file3.jpg





media/file1.jpg
@ (b) o

o o
= GO-5FG6 =
3 | 3 o-5FGs
& s
2 GOKS6
K] GOS8
g
2
= SFGE
sos
KS6/
- ! ks
T T o0 200 20t 300 )
(o) Raman shift (cm) (d) 20
& 50006
i 180 B 2 ——GO-SFG6
@ S GoSFGE—— GOKSS ES
b E oos ——GOKS6
@ 125- )
o Foum
3 2 o3
3 X
£ H
2
$w Eoonz
|4 £
225 o001
£ :
30 5 0.000-
2 0.0 0102 0.3 0.4 0.5 06 0.7 0.8 09 1.0 510 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Relative pressure (p/pg) Pore width (A)





media/file7.jpg
T

(@), (b),

2 <2

3 z

£ £

i i

e —coxss [* —cosros

. i " e
ECRE N O C] O TR R Clr )
EvsECS M) EvsECS (V)

s
w @,
kS =2
wf Euf *
aie IR
wq 1
iH
i

‘Specitc current ()






media/file10.png
—
)
A d

20 ZRFar

F'; 1.5 [KN] Capacitive

<

& 05 /0.
3 \\\\

(C; 09 08 07 -06 05 04 -0.

20
&

Specific current (A.g™")
oS S o 5 -

E vs SCE (V)

T T "

radic
Capacitive

N\

\

o

05 04 3
E vs SCE (V)

P g g g g g






media/file9.jpg
<908 07 98 05 04 03 02 01 00
E vs SCE (V)

Faraoe

39 08 07 98 05 04 03 02 01 00
EVsSCE(V)





media/file0.png





media/file8.png
S

o)

Specific current (A.g™")

— (50-KS6

06  -04 0.2 0.0

E vs ECS (V)

0.8

] —— 100 mV.s™

160

140 4

-
]
(=]

—ta

100+

(o)} o
o o
1 L

Capacitance retention(%)
F =N
-]

M
o o
-

08 06 04 02 00
E vs SCE (V)
_ i i i . 150
- —8—GO-KS6 |
? —m—GO-SFG6 | 125
t.‘ —_—
B T T ——— = - 100
%._‘_ L 75
[ mg "m '
| = e, S |50
‘-""“h. b
R
. m o5
T - T i T - ¥ - " - 0
0 20 40 60 80 100

Scan rate (mV.s™)

Specific current (A.g™')

(b),

N L

1 = GO-SFG6
) ——SFG6
-0.8 0.6 -0.4 0.2 0.0
E vs ECS (V)

‘_12’. — 100 mV.s"'
Tm {——— 50mV.s’
< 3j —— 30mV.s"
£ 4
o
5 04
o .
O -4
- —
S sl 4
%' . . 20 mV.sI
' — 10 mV.s"
'12' -1
' —— OmV.s
"16 - T T T T - T
-0.8 -0.6 -04 -0.2 0.0
(f) E vs SCE (V)
300
_— m GO-KS6
32 D g ® GO-SFG6
o> & ™
2 9 Y
o Q 200-
o 8 -
3 °
£ S 150- = ° e .
L& - .
L o
S & 1
=T
o @ 50-
&) ‘g— )
0 L) Ll LA Ll Ll L)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Specific current (A.g™)





media/file6.png
(c)

—_— g - e
80 4

5

S | ‘ :
‘o =

Water NMP Acetone

40 e KS6
1= SFG6
20{ —— GO-KS6
| =—— GO-SFG6
TTIo0 200 300 400 500 600
(b) Temperature (°C)

Transmitance (%)

\\-—\—f/
e .

(d)

GO-KSo6

3500 3000 2500 2000 1500
Wavenumbers (cm™)

1000

GO-SFGo6





