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Abstract

:

Graphene aerogel (GA) is widely used in electronic devices owing to its light weight, elasticity, and excellent thermal conductivity. GA has been prepared using various methods. However, the preparation process is complex and the thickness is hard to control, which limits its application. There is an urgent need for a new and simple method to fabricate graphene aerogel. Herein, we describe a novel strategy for fabricating GA via a vacuum filtration–ice template freeze-drying method. The stability of graphene oxide slurry (GOS) was changed by using hydrochloric acid (HCl, 0.12 mol/L), and then GA was quickly obtained by vacuum filtration–ice template freeze drying and graphitization. The obtained GA reveals a symmetrical hyperbolic structure in the vertical direction, giving it excellent thermal and electrical conductivity and good compression performance. The electrical conductivity is up to 14.87 S/cm and the thermal conductivity is 1.29 W m−1 K−1 when the density is 36 mg cm−3. The pressure only needs 0.013 MPa when the strain of GA is 50%. GA has considerable potential for the application of supercapacitors owing to the high conductivity and low density.
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1. Introduction


Energy issues are a common concern around the world, so reducing unnecessary energy consumption and releasing excess heat from equipment have become an important focus of scientific research. With the rapid increase in energy consumption in the construction field, the demand for appropriate technologies to improve the thermal performance of buildings is also growing. Meanwhile, with the rapid development of information technology, the equipment is developing towards integration, miniaturization, and high frequency, which also leads to the emergence of local hot spots inside the equipment due to the inability to dissipate a large amount of heat. According to past research, phase change materials can improve the demand for thermal energy storage in buildings and are potential thermal energy storage media [1,2], and thermal interface materials are used to solve heat dissipation issues. Graphene can be constructed into three-dimensional materials for energy storage and energy conversion due to its excellent thermal conductivity, electrical conductivity, and mechanical performance [3,4]. Graphene-based macroscopic materials include graphene film [5], graphene aerogel [6], graphene foam [7], and vertical graphene [8]. GA with a three-dimensional structure has been studied and applied to supercapacitors [9], sensors [10], thermal interface materials [6], and phase change materials [11]. GA was prepared using various methods; for example, the hydrothermal reduction method [11], the ice template method [12], chemical vapor deposition (CVD) [13], and 3D printing [14].



In recent years, there have been many articles reporting the preparation methods of GA. Graphene/multi-walled carbon nanotube (MWCNT) aerogel was fabricated through hydrothermal reduction and high-temperature annealing at 2800 °C. The graphene/MWCNTs aerogels have a continuous vertical structure. After compounding with silicone rubber, the maximum thermal conductivity reaches 1.3 W m−1 K−1 [15]. Nevertheless, the hydrothermal reduction method at 180 °C needs significant amounts of energy. Super-elastic GA with three-dimensional networks was fabricated by ice template. It could be compressed at 80% strain and maintain structural integrity [6]. Super-elastic and durable GA was produced by melamine foam. The GA possessed excellent elasticity with a compressive strain of 95% [10]. In addition, the resulting GA could be used in pressure/strain sensors due to its stable current response. Worsley [14] and co-workers fabricated three-dimensional highly compressible graphene aerogel with light weight and highly conductive properties via 3D printing. The GA shows a compressive strain of 90%. However, these reports on the preparation of GA are complex and have high energy consumption. A new method with simple preparation and low energy consumption for preparing GA needs to be developed.



Herein, we describe a novel strategy to fabricate GA using a vacuum filtration–ice template freeze-drying method. The stability of GOS with different concentrations of HCl was investigated by using atomic force microscopy and a zeta analyzer. The appropriate hydrochloric acid concentration was determined by analyzing the zeta potential value and the viscosity of GOS. Graphene oxide hydrogel was quickly obtained by vacuum filtration after the stability of GOS was destroyed. GA was obtained by ice template freeze-drying and graphitization at 2800 °C. The application of this method provides a new three-dimensional symmetrical hyperbolic structure. Therefore, the obtained GA possesses excellent thermal and electric conductivity, as well as good compressibility. GA can be further applied to thermal interface materials (TIMs) for electronic devices, phase change materials (PCMs) for energy storage, and sensors for detecting human health. This article provides a new strategy for large-scale preparation and broad practical application prospects of GA with a new structure.




2. Experiments


2.1. Materials


Graphene oxide slurry was fabricated by a modified Hummers’ method in our past research [3,16,17]. Hydrochloric acid (36–38%, AR, 12 mol/L) was purchased from Greagent (Shanghai, China).




2.2. Preparation of GOS Treated with Different Concentrations of HCl


HCl solutions with concentrations of 12 mol/L, 1.2 mol/L, 0.12 mol/L, and 0.012 mol/L were prepared by using HCl (12 mol/L) and deionized water; 1 mL GOS (2 mg/mL) and 9 mL HCl solution (12 mol/L, 1.2 mol/L, 0.12 mol/L, 0.012 mol/L) were mixed to obtain a mixed solution. The mixed solutions were labeled as GO/HCl-12, GO/HCl-1.2, GO/HCl-0.12, and GO/HCl-0.012; 1 mL GOS (2 mg/mL) and 9 mL deionized water were mixed as a comparison sample, which was named GO/HCl-0.




2.3. Preparation of GA


Firstly, GOS (2 mg/mL, 100 mL) and HCl (0.12 mol/L, 2 mL) were mixed to obtain the resulting mixed solution. The mixed solution was stirred at room temperature for half an hour. Secondly, graphene oxide hydrogel was rapidly prepared via vacuum filtration, and then graphene oxide aerogel was obtained using ice template freeze drying. Thirdly, the above graphene oxide aerogel was placed into a tube furnace for high-temperature heat treatment in an Ar atmosphere. The specific heating process is as follows: First, the temperature of the tube furnace was increased from room temperature to 100 °C at 5 °C min−1. Second, the temperature was increased from 100 °C to 200 °C at 1 °C min−1 to avoid producing a large amount of gas due to the removal of oxygen-containing functional groups of graphene oxide during the heating process. Third, the temperature was increased from 200 °C to 700 °C at 5 °C min−1 and kept constant for two hours. Fourthly, the obtained aerogel was put into the graphitization furnace in an Ar atmosphere for graphitization treatment. The graphitization process is as follows: The temperature of the graphitization furnace was increased from room temperature to 2800 °C at 10 °C min−1 and kept constant for two hours. The GA was obtained after the above steps.




2.4. Characterization


The zeta potential was explored using a zeta potential analyzer (Zetasizer Nano ZS90, Malvern, Britain). Atomic force microscopy (Innova, Bruker, Berlin, Germany) was applied to assess the size and shape of graphene oxide sheets treated with different concentrations of HCl. Viscosity is measured by a viscosity tester (MSK-SFM-VT, MTI, Zhengzhou, China). The micromorphology of GA and graphene oxide sheets was analyzed by a scanning electron microscope (Phenom Prox, Phenom Scientific, Eindhoven, The Netherlands). Crystallinity information on GA was obtained by X-ray diffraction (XtaLAB miniTM II, Rigaku, Tokyo, Japan). The defect information of GA was studied by Raman spectra (LabRAM HR Evolution, Horiba, Kyoto, Japan). The thermal conductivity of GA was assessed using the standard of the American Society for Testing and Materials (ASTM) D5470. The compressive property was tested using electromechanical universal testing machines (Instron 5969, Instron, Norwood, MA, USA). The electrical conductivity was investigated by four-probe conductivity equipment. An infrared thermal imager (USA, Fluke Ti32) was utilized to observe and record the IR images. Cyclic voltammetry (CV) was tested through VMP3 Booster (Bio-logic SAS, Seyssinet-Pariset, France). Electrochemical impedance spectroscopy and galvanostatic charge–discharge (GCD) measurements were measured using the Autolab workstation (PGSTSAT 302 N, Metrohm, Herisau, Switzerland). The cycle stability was evaluated on Land CT2001A battery tester (LAND, Shanghai, China) at 2.7 V.





3. Results and Discussion


3.1. Morphology of GOS


A macroscopic photograph of GOS treated with different concentrations of HCl is shown in Figure 1. This image was taken within half an hour of sample preparation. As a strong electrolyte, HCl can ionize H+ ions with positive charge in aqueous solution. Graphene oxide is negatively charged. Since graphene oxide can be uniformly dispersed in aqueous solution and the diameter of the graphene oxide sheet is greater than 1 μm, GOS can be regarded as a colloidal solution. Therefore, the stability of the GOS is destroyed after the H+ ions with positive charge are added to the GOS and the stability gradually deteriorates with the increment in electrolyte concentration. The GOS changes from a stable to an unstable state with the increment in HCl concentration. When the HCl concentration is 1.2 mol/L and 12 mol/L, the GOS becomes unstable with the agglomeration of GOS. When the concentration of HCl is 0.12 mol/L and 0.012 mol/L, the macroscopic state of the GOS is not different from that of the contrast sample. The above results show that the GOS can maintain a stable state as the concentration of HCl is 0.12 mol/L.



To further study the microscopic morphology of GOS treated with different concentrations of HCl, the AFM was used to investigate the thickness and shape of the GO sheets (Figure 2a–e). The thickness of pure graphene oxide sheets (2 mg/mL) is 10–13 nm, indicating that graphene oxide sheets are stacked by multilayer graphene [16]. The GOS exhibits light-brown coloration, which illustrates good dispersion of GOS (Figure 2a). In Figure 2b, the AFM image of GO/HCl-0.012 shows that the physical diameter of graphene oxide sheets is 31–35 nm and the graphene oxide sheets tend to aggregate. The above phenomena show that the addition of HCl will decrease the electrostatic repulsion between graphene oxide sheets and enhance the degree of charge screening [18]. The graphene oxide sheet layer and the agglomerated state co-exist in GO/HCl-0.12, and the thickness of graphene oxide sheets becomes larger (39–145 nm), indicating that the GOS is in a metastable state (Figure 2c). The thickness of graphene oxide sheets continues to increase as the concentration of HCl is 1.2 mol/L and 12 mol/L, which shows the occurrence of GOS coagulation (Figure 2d,e). The results exhibit the negative charge of the graphene oxide sheet being gradually screened with the increase in HCl concentration, leading to a decrease in the potential energy contributed by electrostatic repulsion [19]. With the increase in HCl, the total energy barrier height decreases, and the stability of GOS becomes worse.




3.2. Properties of GOS


The viscosity of GOS is affected by the size and shape of graphene oxide particles. Therefore, the viscosity of GOS was studied to study the stability of GOS. The viscosity tester was used to further explore the viscosity of GOS treated with different hydrochloric acid concentrations (Figure 3a). With the increase in HCl, the viscosity of GOS increases gradually from 23.96 Pa·s to 31.44 Pa·s. The asymmetry of graphene oxide particles causes an increase in the viscosity of graphene oxide with an increment in particles [20]. Zeta potential was utilized to further study the stability of GOS. As shown in Figure 3b, the potential value of GO/HCl-0 is −27.5 mV, showing good stability. In addition, the surface of graphene oxide particles in GO/HCl-0 is negatively charged according to the potential [21]. As the concentration of HCl increases to 0.12 mol/L, the absolute value of the potential of the GOS gradually decreases to 2.81 mV, indicating that the stability of the slurry becomes worse. The potential of GO/HCl-1.2 and GO/HCl-12 is 0.479 mV and 3.85 mV, which exhibits that the negative charge of graphene oxide is completely neutralized [22]. The GO/HCl-1.2 is unstable due to nearing the isoelectric point, which is also consistent with the macroscopic state of graphene oxide (Figure 1). Meanwhile, due to the increase in HCl, the charge of graphene oxide particles is screened, resulting in poor hydrophilicity of graphene oxide particles [23,24,25]. This result leads to a rapid removal of water from graphene oxide particles during vacuum filtration, accelerating the preparation process of graphene oxide hydrogel. Studying the GOS treated with different concentrations of hydrochloric acid shows GO/HCl-0.12 has relatively good stability and small viscosity. In addition, graphene oxide in GO/HCl-0.12 has a certain hydrophobicity compared with GO/HCl-0, which can quickly prepare graphene oxide hydrogel. Therefore, GO/HCl-0.12 is the most suitable precursor for the fabrication of GA.




3.3. Morphology and Structure of GA


GOS after HCl treatment at a concentration of 0.12 mol/L was used to fabricate GA by vacuum filtration–ice template freeze drying and the subsequent graphitization process. The above preparation method is a simple operation, low in cost, and with controllable thickness of GA. Therefore, the thickness of GA can be adjusted at any time according to practical application requirements. The photograph of the resulting GA is seen in Figure 4a. The planar SEM image of GA exhibits a flat surface similar to a graphene film, which is attributed to the stacking of graphene sheets affected by gravity during vacuum filtration (Figure 4b). Therefore, GA possesses the same in-plane heat spreader ability as graphene film. As shown in Figure 4c, the symmetrical hyperbolic structure is displayed in the vertical direction of GA because the graphene oxide hydrogel prepared by vacuum filtration grows in the vertical direction due to the influence of ice crystals during the ice template method. The symmetrical hyperbolic structure of GA can also increase the out-plane thermal conductivity. Owing to the symmetrical hyperbolic structure, GA has a large specific surface area, which can be used to provide more ion adsorption sites in the field of supercapacitors [26]. Meanwhile, the three-dimensional network structure leads to excellent compression performance and elasticity of GA [6].



The graphitization degree and defect information of GA were explored using XRD and Raman spectroscopy. Furthermore, by calculating the ID/IG from Raman results, the value of ID/IG represents the content of the defect [27,28]. From Figure 5a, the D peak almost disappears, and the intensity of the G peak is very strong. According to the fitting calculation, the value of ID/IG is 0.05, which suggests that the defects are almost eliminated after graphitization [29,30]. The elimination and repair of the defects are beneficial to the transport of phonons. The crystallite size (La) is calculated by the method of Cançado [16]. The crystallite size affects the thermal conductivity of graphene. This is attributed to heat transferred in graphene by phonons, and the mean free path of phonons is the average distance between the free motion of phonons between two scatterings. The crystallite size determines the boundary of graphene, which aggravates the scattering of phonons and is not conducive to phonon transport between graphene. The increase in crystallite size will reduce the grain boundary, weakening the phonon scattering. Therefore, the thermal conductivity increases with the increment in the crystallite size. The crystallite size of graphene increases and the defects decrease during the process of high-temperature graphitization. After graphitization, the crystallite size of graphene reached 384.49 nm. The XRD pattern is shown in Figure 5b, and the 2θc of the (002) plane is 26.46°. According to the Bragg equation, the corresponding interlayer d-spacing is 0.0336 nm, close to pure graphite [31]. The peak intensity of the (002) plane of graphite is very strong, indicating that the crystallinity of GA is high. The graphitization degree (G) of GA was further investigated by Mering–Maire [32,33]. The value of G is 87.2%, which shows that the stacking of graphene sheets tends to be ordered after high-temperature graphitization. The analysis of the structural information of the GA shows the GA prepared by this new method is not different from the GA reported in the past [34].




3.4. Application of GA


The three-dimensional symmetric hyperbolic network structure in the vertical direction of GA provides the ability to quickly disperse the local high temperature on the surface while quickly transferring heat in the vertical direction. Therefore, GA possesses high thermal conductivity in the vertical direction, which can be applied to the field of thermal interface materials. To investigate the heat transfer capacity of GA, the thermal conductivity of GA at different pressures was measured (Figure 6a). As shown in Figure 6a, the thermal conductivity increases with the increment in pressure, and the maximum thermal conductivity is 1.29 W m−1 K−1 when the pressure is 398.5 KPa. This high thermal conductivity is owing to the increased density of GA during compression. Meanwhile, the application of pressure will also increase the connection between graphene and remove the air inside the aerogel. The thermal conductivity of some previously reported graphene-based composite materials is shown in Figure 6b. In past research, the preparation methods of GA were mainly the hydrothermal reduction method and ice template method. The GA fabricated by the above-mentioned method has a single structure and does not have a network structure, leading to the lack of a thermal conduction path in GA. GAs are usually used in a role of enhancing thermal conductivity in composite materials. Compared with previous studies, GA prepared by the vacuum filtration–ice template method had higher thermal conductivity. The result is attributed to the three-dimensional symmetric hyperbolic network structure, which provides more thermal conduction paths. In previous studies, GAs were mostly composited with polymer materials. In this paper, the internal voids of GA were filled with air, and the thermal conductivity of air is much lower than that of silicone rubber (SR) and polydimethylsiloxane (PDMS). However, the thermal conductivity of GA discussed in this paper is higher than that of graphene-based composites. The thermal conductivity is as high as 1.29 W m−1 K−1. Therefore, it can be inferred that the GA discussed in this paper can better increase the thermal conductivity of polymer materials after compounding with polymer materials. The excellent thermal conductivity exhibits considerable potential for thermal interface materials.



To further study the heat transport performance in practical applications, the aerogel was heated on a 100 °C hot stage to observe the temperature change process and heating rate. The temperature of the upper surface of the aerogel at different times was recorded by the infrared images (Figure 6d). It can be clearly observed that the temperature of the aerogel rises rapidly to 33.9 °C at the moment of placement on the hot stage. The upper surface temperature of GA only requires 2 s to reach 62.7 °C from 33.9 °C, which shows an excellent heat transport performance.



Electrical conductivity is an important parameter for the practical application of GA. The electrical conductivity of some previously reported graphene-based composite materials is shown in Figure 6c; the electrical conductivity of GA in this paper is much higher than that of GA reported in the past. The high electrical conductivity of GA benefits from the complete lattice structure and the repair of the defect after graphitization. The electrical conductivity of GA is up to 14.87 S/cm. The result is attributed to the symmetrical hyperbolic structure of GA. The above results show that the GA prepared by the vacuum filtration–ice template method has excellent properties and broad application potential.



Carbon nanomaterials are often introduced into traditional refractory materials to improve thermal shock resistance and corrosion resistance, possessing high application value and application prospects. As shown in Figure 6e, the fire resistance of graphene aerogels was tested by directly burning them in the air. After burning at 500–600 °C for 10 s at the same position, the GA still maintains its original morphology, indicating that the GA can resist high temperature and fire. The above results are attributed to the graphitization of graphene aerogel, the complete elimination of defects, and the complete lattice structure. In addition, graphene has excellent thermal stability and chemical stability. Therefore, GA has a promising potential for the demand of the refractory material application.



A compression test was used to evaluate the compression properties of GA. GA has a good compression performance due to the internal three-dimensional network structure. Compared with the phenomenon reported in the past that GA is difficult to recover after pressure, the multilayer flat surface of the aerogel can buffer the pressure, and the vertical structure can support and bear the pressure; as a result, the GA can maintain good structural integrity after compression. In addition, the pressure required for GA to undergo 50% strain is only 0.013 MPa (Figure 6f), which gives it thermal management applications in integrated, lightweight electronic devices.



To study the application of GA in the field of supercapacitors, we first studied the electrochemical properties of graphene. As shown in Figure 6g,h, the CV curves of graphene exhibit a rectangular shape at 100 mV s−1. In addition, the galvanostatic charge–discharge curve has almost no voltage drop, which further indicates that the material still possesses strong ion transport capacity. Figure 6i presents a good specific capacitance (61 F g−1) at 0.5 A g−1. To reveal the relationship between pore structure and ion diffusion kinetics, electrochemical impedance spectroscopy (EIS) was used to study the electrochemical properties of materials (Figure 6j). The material shows a small semicircle diameter in the high-frequency region and a large linear slope in the low-frequency region, indicating that the material has fast ion transport ability and smaller charge transfer resistance, which is mainly caused by the high conductivity and highly crosslinked pore structure of the material. In Figure 6i, good electrochemical performance was demonstrated. At a current density of 1 A, the electrode has a capacity of nearly 28 F g−1 at 2.7 V after 10,000 cycles (Figure 6k). The above excellent electrochemical properties confirm the feasibility of graphene electrode operation under high-voltage windows. Therefore, GA has great potential for application as a supercapacitor.





4. Conclusions


A new preparation method for GA was developed. HCl, as a strong electrolyte, can ionize H+ with positive charge in aqueous solution, which can change the stability of GOS. The vacuum filtration–ice template method was combined to fabricate GA using the GOS treated with 0.12 mol/L hydrochloric acid. The vacuum filtration method makes the GA have a flat surface, and the ice template method makes it possess a vertical structure. This new preparation method provides GA with a new three-dimensional symmetric hyperbolic network structure. After graphitization, the defects of GA were almost repaired, and the graphitization degree reached 87.2%. The crystallite size of graphene reached 384.49 nm. These features endow GA with excellent thermal conductivity, electrical conductivity, compressive properties, and fire resistance. The maximum thermal conductivity is 1.29 W m−1 K−1. The electrical conductivity is 14.87 S/cm. The excellent performance of GA enables it to be applied in the fields of heat dissipation and sensors. In addition, the GA maintains its original structural integrity under burning for 10 s. Studying the electrochemical properties of graphene shows GA to have great potential in the field of supercapacitors. This paper provides a new method for preparing GA with a three-dimensional symmetrical hyperbolic structure, and the prepared GA has great application prospects in the thermal management of electronics, phase change materials, and sensors. At the same time, the introduction of electrolytes into GOS to prepare graphene-based materials with excellent properties also opens a door for the preparation of graphene-based materials with new structures.
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Figure 1. A macroscopic photograph of GOS treated with different concentrations of HCl (12 mol/L, 1.2 mol/L, 0.12 mol/L, 0.012 mol/L, 0 mol/L). 
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Figure 2. The AFM images of (a) GO/HCl-0, (b) GO/HCl-0.012, (c) GO/HCl-0.12, (d) GO/HCl-1.2, and (e) GO/HCl-12. 
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Figure 3. (a) Viscosity and (b) zeta potential of GOS treated with different concentrations of HCl. 
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Figure 4. (a) Photograph of GA, (b) planar SEM image, and (c) cross-sectional image of GA. 
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Figure 5. (a) Raman spectrum, (b) XRD patterns of GA. 
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Figure 6. (a) Thermal conductivity of GA under different pressures, comparison of (b) thermal and (c) electrical conductivity of GA and other graphene-based materials in previous works [35,36,37,38,39,40,41,42,43,44,45]. (d) Infrared thermography images of GA heated for different times on a 100 °C hot stage, (e) fire resistance experiment of GA, (f) compressive of stress–strain of GA, (g) cyclic voltammetry curves with different scan rates, (h) galvanostatic charge/discharge curves with different current density, (i) capacitance retention with different currents density, (j) Nyquist plots, (k) cycling durability at 2.7 V. 
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