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Abstract:

 Few-layer graphene films were synthesized through chemical vapor deposition technique using coal char as solid carbon source. Raman spectroscopy, X-ray diffraction, transmission electron microscopy, and selected area electron diffraction were used to characterize the graphene films. The electrochemical performance of the coal char derived few layer graphene anodes for lithium ion batteries was investigated by charge/discharge curves and discharge capacity at different current densities. The graphene anode maintained the reversible capacity at ~0.025, 0.013, and 0.007 mAh/cm2 at a current density of 10, 30, and 50 µA/cm2, respectively. The coal char derived graphene anodes show potential applications in thin film batteries for nanoelectronics.
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1. Introduction

Graphene has been gaining much attention in the past decade due to its excellent physical/chemical properties and its uses in various potential applications ranging from electronics to composites and sensors [1,2,3,4,5,6]. Graphene has been synthesized through different methods, such as micromechanical cleavage technique, liquid exfoliation method, epitaxial growth, total organic synthesis, and chemical vapor deposition (CVD) [1,6,7]. Among all the methods, CVD is the most promising method for growing high quality and large area graphene films. Inspired by its superb electrical and optical properties, large specific surface area, and excellent chemical stability, the CVD grown graphene shows great potential in the applications of sensing [8,9], energy storage and generation [10,11], and corrosion science [12,13].

The traditional CVD methods require hydrocarbon gas as a carbon source, which limit the applications of this technology to various potential carbon feedstocks. Recently, solid carbon sources, such as poly(methyl methacrylate), sucrose, polystyrene, and amorphous carbon thin film have drawn interest for use as carbon sources in pristine graphene film growth using the CVD method [14,15,16]. Coal and food waste have further exhibited promise as low cost carbon feedstocks for graphene synthesis [17,18].

Coal is a carbon-enriched abundant natural source. Other than the well-known coal gasification and liquefaction for producing syngas and synthetic fuels, coal electrolysis has been recently demonstrated as a powerful technique for hydrogen production in a clean and efficient manner. [19,20,21,22,23] The electrolyzed coal (coal char) is the by-product or the waste of this process. However, it is also the potential inexpensive solid carbon source for graphene film production. [24,25,26] Within this context, the objective of this work is to synthesize graphene films using the coal char, which is the waste of coal electrolysis, as a solid carbon source through CVD process. This work also investigated the electrochemical performance of the coal char derived few layer graphene films used as anodes for lithium ion batteries. The graphene films are grown on copper substrates, and thus directly used as anodes for lithium ion batteries without any aid of polymer binders and conductive fillers. The graphene anodes have potential applications in thin film batteries, which are the power sources for micro/nano devices, such as implantable medical micromachines and on-chip memory [27,28].



2. Experimental Section


2.1. Chemicals and Materials

Copper foils (99.8%, 0.025 mm thickness) were obtained from Alfa Aesar. Acetone (>99%), cupric sulfate (>95%), hydrochloric acid (6N), sulfuric acid (18 N), and reagent grade ferric sulfate were purchased from Fisher Scientific. Iron (II) sulfate heptahydrate (>99%) was purchased from Acros Organics. Lithium hexafluorophosphate (LiPF6, 12.4wt%) in ethylene carbonate (EC, 43.8wt%) and diethyl carbonate (DEC, 43.8wt%) was purchased from BASF.

Pittsburgh #8 coal was used for coal electrolysis and graphene synthesis. This coal is classified as a high volatile A bituminous coal and was obtained from the Penn State coal bank. The elemental analysis of the Pittsburgh #8 coal (provided by the coal bank) reported carbon (74.69%), hydrogen (4.98%), nitrogen (1.23%), organic sulfur (0.73%), oxygen (6.49%), and mineral matter (11.88%) content. The coal obtained was subjected to grinding, sieving and shuffling to achieve a uniform coal particle size of <210 μm.



2.2. Graphene Synthesis

Coal char was obtained as the by-product of coal electrolysis and used as a solid carbon source for graphene growth. The detailed description and schematic of coal electrolysis have been discussed in previous work [19,23]. Only a brief description is given here: The continuous coal electrolytic cell (CEC) designed and constructed by Jin and Botte was used for the coal electrolysis. [19] The anolyte and catholyte reservoirs were filled with 300 mL of 4 M H2SO4, which was used as an electrolyte. Iron (II) sulfate heptahydrate and iron (III) sulfate were used as sources for iron ions (40 mM Fe2+/40 mM Fe3+) and added to the anodic solution. Coal was added to the anodic solution to obtain a coal slurry concentration of 0.04 g/mL. The solution in the anolyte (coal and iron ions in sulfuric acid) and catholyte (sulfuric acid) reservoirs was stirred at 300 rpm throughout the electrolysis processing time. The operating current density used was 100 mA/cm2 and the temperature was set to 104 °C. An Arbin battery cycler (BT-2000) was used to conduct the coal electrolysis using a galvanostatic method. A cut-off voltage was set to 1.17 V to avoid the electrolysis of water and the oxidation of the electrode support. Typical electrolysis processing time was ~8.5 h.

After coal electrolysis, the coal char was collected and dried at 70 °C in an oven over night. The dried electrolyzed coal char was used then for the synthesis of graphene through CVD. Figure 1a shows the schematic of the CVD system for graphene synthesis. 10 mg of dried coal char and a piece of copper foil (1.5 cm × 6.0 cm) were placed on the end of two quartz boats separately. Magnets were attached on other end of the two quartz boats for moving the quartz boats during the synthesis. There are five steps in a typical graphene synthesis experiment as shown in Figure 1b. First, the CVD system was evacuated and backfilled with hydrogen (99.999% purity) at a flow rate of 50 sccm for 15 min. Second, the tube furnace was heated to 1070 °C in 40 min. Third, the quartz boat with copper foil was moved into the tube furnace for 15 min of annealing. Fourth, the quartz boat with coal char was shifted into the heating zone for graphene synthesis on the copper foil. After 30 min of graphene growth, the quartz boats were moved out of the furnace and cooled down to room temperature.

Figure 1. (a) Schematic of chemical vapor deposition (CVD) system for graphene synthesis using electrolyzed coal char. (b) Synthesis procedure showing operating conditions: time, temperature, and gas flow rate for the growth of graphene films.
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2.3. Graphene Characterization

In order to characterize the synthesized graphene films, the copper foil substrates were first dissolved in a solution mixture of 10 g CuSO4, 50 mL HCl, and 50 mL DI water. The graphene films were then observed to be floating in the solution. The floating graphene film was next transferred to DI water using a clean glass slide to clean the surface of the graphene film and remove any contamination. Finally, the graphene films were lifted onto the silicon wafers, XRD sample holder, and transmission electron microscopy (TEM) copper grids for Raman, XRD, and TEM characterization, respectively. The Raman spectra were collected on a Bruker Senterra Raman spectrometer through a 20 X objective lens using an argon laser (λ = 532 nm) with 20 mW power. XRD patterns of graphene film and coal char were obtained on a Rigaku Ultima IV X-Ray Diffractometer with monochromatic Cu Kα radiation (λ = 0.15405 nm) at a scanning rate of 0.2º min−1. TEM images and the selected area electron diffraction (SAED) of the graphene films were acquired using the JEM 2100 F transmission electron microscope (JEOL).



2.4. Electrochemical Analysis

Electrochemical measurements were carried out in a split test cell (MTI Corporation) using a Solartron 1470 potentiostat. The test cells were assembled in an argon-filled glovebox (O2 < 1 ppm and H2O < 1 ppm, Mbraun). The CVD-grown graphene on copper foils were punched to discs, which have 1.27 cm in diameter, and directly used as anodes. Lithium foils and Celgard 2500 microporous monolayer membranes were used as counter/reference electrodes and separators, respectively. LiPF6 (12.4wt%) in EC (43.8wt%) and DEC (43.8wt%) was used as the electrolyte (BASF, LP40). Galvanic charge-discharge cycles were performed between 0.01 V and 3.00 V.




3. Results and Discussion


3.1. Characterizations of Graphene Films

The Raman spectrum of CVD-grown graphene films (Figure 2a; red curve) shows three major peaks: the D band at ~1347 cm−1; G band at ~1573 cm−1; and 2D band at ~2682 cm−1. The D band is attributed to defects in the graphene films and G band is due to the tangential vibrations of sp2 bonded carbon atoms. The presence of the 2D band indicates the graphene feature of the synthesized films; which results from the two phonon double resonances in second order Raman spectra associated with graphene. [29,30] In the control experiments; the coal char only show the broad D band at ~1346 cm−1 and G band at ~1594 cm−1 (Figure 2a; black curve); indicating the amorphous features of coal char. [31] The XRD patterns of the graphene film and coal char are shown in Figure 2b. The diffraction peak at ~26 º corresponds to (002) reflection of graphene (Figure 2b; red curve). As a comparison, the black curve (Figure 2b) indicates coal char contains minerals such as kaolinite (K), magnetite (M), quartz (Q), illite (I) and siderite (S), which agrees well with reported results of electrolyzed Pittsburgh No. 8 coal [32].

Figure 2. Raman spectra (a) and XRD patterns (b) of coal char derived graphene (red curve) and coal char (black curve).



[image: Photonics 01 00251 g002 1024]









The morphology and structure of graphene films were further characterized by TEM as shown in Figure 3. Figure 3a and Figure 3b show continuous graphene films over a large area with the formation of wrinkles, back-folding and overlapping of edge due to the transfer process. Figure 3c and Figure 3d were randomly imaged edges of graphene films under TEM. The results indicate most of the graphene films have 4–7 layers. The typical hexagonal crystalline structure of graphene was examined by SAED pattern (Figure 3e). The six diffraction spots in the SAED pattern confirm the single crystalline nature of graphene films [29,33].

Figure 3. TEM images of large area and continuous graphene films (a,b). High-resolution TEM images of the edges of synthesized graphene films (c,d). Hexagonal selected area electron diffraction (SAED) pattern of the graphene films (e).
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De Abreu et al. provided characterizations of Pittsburgh No. 8 coal after electrolysis. [32] Aromatic type films are present on the surface of the coal after electrolysis. It is hypothesized that the films on the surface of the coal enable the synthesis of graphene. It is worth mentioning that Pittsburgh No. 8 coal without electrolysis did not enable the synthesis of graphene films at the conditions used in the CVD process. The electrolyzed coal in the CVD synthesis goes through a similar process as coal pyrolysis. Coal pyrolysis at high temperature (>400 °C) in an anaerobic atmosphere will release hydrocarbons. [34,35] The released hydrocarbons are the precursors for graphene growth and are adsorbed on the surface of copper substrates to form active carbon species during the CVD process [17,36]. After nucleation and growth of the adsorbed active carbon species, the graphene films are synthesized on the copper foil surfaces [14,15].



3.2. Electrochemical Analysis of Graphene Anodes

Figure 4a shows the charge-discharge curves of the first five cycles of coal char derived graphene anode at a current density of 10 µA/cm2 between 3.00 V and 0.01 V vs Li/Li+. The first discharge capacity is ~0.062 mAh/cm2 and reduced to ~0.043 mAh/cm2 in the second cycle. The loss in capacity is due to the formation of solid electrolyte interface (SEI) layer on the graphene surface. [11,27,30] The reversible capacity is maintained at ~0.030 mAh/cm2 in the following cycles at a current density of 10 µA/cm2, which is comparable with the reported capacity of tens of layer-graphene anodes. [11] Figure 4b shows cycling curves of discharge capacity at different current densities (10, 30, and 50 µA/cm2). The graphene anode exhibits reversible capacity of ~0.013 mAh/cm2 at current density of 30 µA/cm2 and ~0.007 mAh/cm2 at current density of 50 µA/cm2. When the current density returns to 10 µA/cm2, the reversible capacity is maintained at ~0.025 mAh/cm2. The inset of Figure 4b shows the corresponding coulombic efficiencies at different cycle numbers of the graphene anode.

Figure 4. Charge-discharge curves of coal char derived graphene anode at 10 µA/cm2 between 3.00 V and 0.01 V vs Li/Li+ (a). Discharge capacity vs. cycle numbers at different current densities (10, 30, and 50 µA/cm2), (b). Inset: the corresponding coulombic efficiencies vs. cycle numbers.
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4. Conclusions

Electrolyzed coal (coal char) was used as solid carbon sources for synthesizing few-layer graphene films through the CVD method. Raman spectrum of the synthesized films shows 2D band feature of graphene. The TEM images and SAED pattern show morphology and typical hexagonal crystalline structure of graphene films, respectively. The electrolyzed coal char derived few layer graphene films were tested as anodes for lithium ion batteries and showed the reversible capacity at ~0.025 mAh/cm2 at a current density of 10 µA/cm2 after 40 charge-discharge cycles at different current densities (10, 30, and 50 µA/cm2).
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