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Abstract Graphene is well known owing to its astonishing properties: stronger than diamond, more conductive than copper and more flexible than rubber. Because of its potential uses in industry, researchers have been searching for less toxicity ways to make graphene in large amount with lower cost. We demonstrated an efficient method to prepare graphene by high temperature electrolysis technique. High resolution scanning electron microscopy and raman spectroscopy were used to characterize the microstructure of graphene. Graphene was assembled into the supercapacitor and its performance of electrochemical capacitor was investigated by constant current charge and discharge, cyclic voltammetry and AC impedance. The results showed that the micro-morphology of the prepared graphene was multilayer and it was favorable when the electrolytic voltage was 1.5V. When the current density is 1mA/cm2, the specific capacitance of the graphene supercapacitor can reach 78.01F/g in 6mol/L KOH electrolyte, which was an increase of 114% compared with 36.43F/g of conventional KOH electrolyte.
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Introduction
Graphene, a single graphite layer or the single-atom-thick carbon, is a hexagonal honeycomb two-dimensional grid structure which composes of carbon atoms by sp2 hybridization. Graphite is currently the world's thinnest nanomaterials, and its thickness is only 0.335 nm. In 2004, two scientists of the University of Manchester Andre Geim and Konstantin Novoselov found graphene, 1 which result in the acquisition of the 2010 Nobel Prize in physics. Graphite has attracted huge interests for its remarkable properties such as large specific surface area, high electrical conductivity and great stiffness. 2-7 In Feb, 2014, it was just reported by Nature.com that graphene conducts electricity ten times better than expected and carbon layers grown on silicon carbide conduct electricity even better than the theory predicted. The finding could help graphene realize its promise in high-end electronics, where researchers have long hoped it could outperform traditional materials such as silicon. 
Every day, there are new announcements of amazing feats about what Graphene can achieve; over 100 times stronger than steel, more conductive than copper, yet totally flexible and with a staggering surface area of in excess relevance to real products. Early Graphene results were limited to academic research but increasingly industry giants are in the running too. For example, Vor-ink, a graphene-based conductive ink that first became commercially available in 2009, is looking to not only displace silver and carbon inks in the $3 billion conductive ink market, but create new markets, such as those in smart packaging and wearable electronics, providing a succinct picture of the wider market. To meet the burst market of graphene, it is always a very interesting topic to find and establish simple and cost-saving method to prepare graphene. 
In the manufacturing methods of graphene so far, the micro mechanical stripping method can not reliably produce large-scale graphene; 8,9 Epitaxial growth approach requires the use of expensive rare metals, high cost, and the harsh reaction conditions, high requirements for equipment; 10,11 Chemical vapor deposition method although can meet the requirement of the preparation of high quality graphene,12,13  but the process is complex, and the yield is low, so it is not suitable for mass production; Oxidation- reduction method has a series of merits such as high yield, low cost, but in this method will produce a lot of waste liquid which could pollute the environment. 14-16 To achieve a wide range of applications in many fields, the key issues need to be addressed is how to prepare high-quality graphene with simple rapid and low-cost methods. Herein, we demonstrate a new technology to prepare graphene by high-temperature electrolysis using CaCO3 (the primary component of limestone). 
Limestone is abundant on the earth, and the price is very low. Therefore, this resented work used CaCO3 (the major component of limestone) as raw material and the graphene with excellent performance was made through electrolyzing molten carbonate in the condition of high-temperature. The method has strong operability with low cost. This work as a new type of preparation technology is anticipated to open a possibility for graphene green environmental protection and is therefore suitable for industrial production 
Experimental
Reagents
Calcium carbonate (CaCO3, AR) and Lithium carbonate (Li2CO3, AR) were purchased form Tianjing reagent factory (Tianjing, China). Hydrochloric acid(HCl, AR) was purchased form Hebei Chemical Company(Hebei, China). High purity nickel (Ni, 99.99%) was obtained from Jiangsu Chemical Company (Jiangsu, China)
Instrumentation

ZEISS SUPRA55 thermal field emission scanning electron microscope (Zeiss, Germany) was used to measure the micro-morphology of the sample; LabRAM HR 800 type high resolution Raman spectrometer (HORIBA Jobin Yvon, France) with laser wavelength of 633nm at the wave number range of 1000-3000cm-1 was applied to record the Raman spectra of graphene. Cyclic voltammetry, AC impedance and constant current charge and discharge tests were performed in the German Zahner Zennium electrochemical workstation. The specific test methods are as follows: Voltages of Cyclic voltammetry and galvanostatic charge-discharge were 0-0.8V, the specific capacitance is calculated according to equation:

Cp = 2IΔt / (mΔU)                                 (1)
Where Cp is the specific capacitance of the required electrode material in F • g-1; I is the discharge current in A; Δt is the discharge time in s; m is the mass of active material in a single electrode film in g; ΔU is the working potential window when the electrode discharging in V. The frequency range that was tested by AC impedance is 0.01~1 × 105 Hz, and amplitude of sine wave was 5 mV. 

Procedures
Preparation of graphene
Firstly, 12g calcium carbonate and 20g lithium carbonate were put into the crucible after uniformly grinding and mixing, with stainless steel as the cathode of electrolytic reaction and nickel sheet as the anode. Secondly, connecting the electrode wire and covering the crucible outlet with asbestos net, the system was placed into muffle furnace. Thirdly, the muffle furnace was adjusted to 750℃ and applied to the the different bipolar voltage of the crucible between 1.5 and 3.5V. The timer was turned on after the furnace temperature reached 750℃.  The reaction system were taken out 5 hours and cooled down to room temperature naturally. The product in the crucible was washed with 6mol/L HCl until no bubble was observed and then washed with distilled water repeatedly until the supernatant was centrifuged at neutral pH. Finally, the product was dried in an air-dry oven at 60℃ and the black graphene powder was obtained.

Preparation of the super capacitor electrode
Graphene, conductive acetylene black and PTFE binder with the mass ratio of 8:1:1 were stirred uniformly and added a certain amount of anhydrous ethanol. The mixture was ground into rubber pulpy in a glass mortar. The pulpy was rolled repeatedly in a roller press to a thickness of 0.2mm and was dried in a vacuum drying oven at 80℃. The obtained material was cut into electrode plate with the diameter of 1 cm. Two electrodes that had the same quality (difference is less than 0.5mg) were saturated in vacuum for 90 min in 6 mol/L KOH electrolyte. The polypropylene film as the diaphragm and 6 mol/L KOH as electrolyte were putted into the stainless steel mold according to the order of electrode piece - diaphragm - electrode piece and assembled into sandwich-type, symmetrical-type super capacitor. The electrochemical performance was tested.

Results and discussion

Characterization of graphene by SEM: microstructure of sample can be controlled by the electrolysis voltage 
The samples prepared in the different voltage between 1.5V and 3.5V were examined by high resolution scanning electron microscope and the results were shown in Fig. 1. Wherein, the micro morphology of samples prepared at higher voltage (shown in Fig. 1a, b, c) were rod-like, indicating that graphene were not formed under this conditions. The sample prepared at lower voltage (shown in Fig. 1d and 1e) showed clearly that graphene with preferable morphology was obtained, which was exact the type of translucent silk yarn. The results illustrated that graphene can be obtained only when the electrolysis voltage lower than 2.0V in the high temperature electrolysis method.
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Fig.1 SEM images of graphene that were prepared under different electrolysis voltage: (a) 3.5V, (b) 3.0V, (c) 2.5V, (d) 2.0V and (e) 1.5V

Characterization of graphene by Raman spectroscopy 

Raman spectroscopy, an effective and non-destructive tool, is used for characterize the structure and properties of carbon nano materials. The Raman spectra of the Graphene that was prepared in the electrolysis voltage 1.5V was shown in Fig. 2. The G peak that appears in the vicinity of 1584cm-1 is caused by the tensile telecontrol of carbon rings or sp2 hybrid structure of atomic in long-chain, and represents the ordered structure of sp2 bond; The D peak appears around 1327cm-1 is associated with the structure of sp3 hybridization, and delegates the defects and amorphous structure that are located in the edge of the graphene; The G' peak appears around 2648 cm-1, indicating that the graphene prepared in this way is multilayer graphene. 
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Fig.2 Raman spectra of graphene with 1.5V electrolysis voltage.

Electrochemical properties of graphene as prepared
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Fig.3 Galvanostatic charge/discharge curves of graphene at different current density.
Constant current charge-discharge curves of graphene that was prepared in the electrolysis voltage 1.5 V and the different current densities as a function of time were shown in Fig. 3. It is apparent that the four curves are all typical triangular symmetry structures and the voltage drop is not observable. The results revealed that the charge- discharge process was the standard electric double layer capacitor and the resistance of electrode material was small. The corresponding sizes of the specific capacitance, which were calculated according to equation 2, are listed in Table 1. 
C = I/[(dE/dt)×m] ≈ I/[(ΔE/Δt)×m]           (2)
where I is the constant discharging current, dE/dt indicates the slope of the discharge plot of the discharging curves, and m is the mass of the corresponding electrode materials measured. It can be seen from the table that the material specific capacitance value shows a decreasing trend with the increase of current density. The reason is that the charge does not timely and fully spread into the hole of the material when large current charges and discharges. However, the specific capacitance decreases only 2.77% with the current density increases 10 times, which shows that graphene prepared in the method has good capacitance performance and rate capability when the large current charges and discharges. 

Table 1 The specific capacitance of graphene at different current density based on equation 1
	
	I(mA)
	V(V)
	t(s)
	m(g)
	C(F/g)

	a
	7.85
	0.7915
	26.0
	0.0068
	75.84

	b
	3.93
	0.7927
	52.4
	0.0068
	76.31

	c
	1.57
	0.7989
	132.4
	0.0068
	76.53

	d
	0.79
	0.7991
	270.0
	0.0068
	78.01
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Fig.4 Galvanostatic charge/discharge curves of graphene at a current density of 0.5 mA/cm2

Fig. 4 is the constant current charge-discharge curve of the graphene that was prepared in the electrolysis voltage 1.5 V and the current density for 0.5mA/cm2. It is obvious that the charge-discharge curve of graphene is still symmetrical triangle after charging and discharging repeatedly, which illustrates and confirms that graphene as prepared has good capacitance property and cycle stability. Cyclic voltammetry curves of graphene that were prepared in the electrolysis voltage 1.5V with different scan rate were shown in Fig. 5. It can be seen from the diagram that the CV curve of graphene is smooth and redox peak didn’t emerge, which shows that there is only the electric double layer capacitance, and no Faraday capacitance. The CV curve shows a standard rectangular and is a typical cyclic voltammetry curve of electric double layer capacitor. With the increase of scan rate, rectangular emerged a certain degree of distortion. This is because the ions can not timely enter the smaller pores of the graphene surface and result dispersion capacitance phenomenon in high scan rates. However, the graphic still remains good symmetry, indicating that material had excellent performance of reversible cycling.
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Fig.5 Cyclic voltammetry curves of graphene at different scanning rates (mv/s).
AC impedance of the graphene that was prepared in the electrolysis voltage 1.5V was investigated and shown in Fig. 6. The curve is a straight line that is parallel to the x-axis in the high frequency area and not the usual semi-circular arc, indicating that charge transfer resistance of the material is very small. Through the intersection of the real axis and the highest impedance of the impedance curve can be estimated that resistance of the electrode is 0.1610Ω. Curve is a straight line that is approximately 45° in the intermediate frequency area, known as the Warburg impedance, which is caused by diffusion and transfer of ion; in the low frequency area, curve is a straight line that is approximately 90°, which represents that graphene has ideal capacitance behavior.
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Fig.6 Electrochemical impedance spectra of graphene.
5. Conclusions
The graphene with better microstructure has been synthesized by high temperature electrolysis method, in which the reaction temperature is 750 ℃, the electrolysis voltage is 1.5 V, and mass ratio of the calcium carbonate and lithium carbonate is 3:5. The specific capacitance of graphene can reach 78.01 F/g in the 6 mol/L KOH electrolyte when the current density for 1mA/cm2. In summary, this method has the advantage of providing graphene of very high quality and purity, and, due to the low complexity, they are perfect for both laboratory research and industrial production. 
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