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Graphene has long been envisioned as a promising material in areas, such as energy storage, electromagnetic shielding, and electrochemical sensor. However, the fabrication of graphene is complicated, time-consuming, and hazardous to environment, and thus can hardly realize industrialization. Although the exfoliation of graphite through electrochemical method was believed as an efficient and green approach, the intense current and non-protective action usually lead to the total destruction of the integralgraphitic electrode. In this work, the graphite foil was well-exfoliated into few-layered graphene with proper electrolyte compositions and electrochemical technique. Moreover, the original three-dimensional (3D) integrity of graphite foil can be maintained with the assistance of space-confined exfoliation strategy. The exfoliation process was systematically investigated in terms of electrolyte, applied potential, cation, and anion. The optimized sample exhibited an almost 8.0-folds of increment of double-layer capacitance in comparison with the pristine graphite foil. Eventually, the chemical simulations were employed to elaborate the mechanisms of advanced exfoliation. The space-confined exfoliation reported here is promising for scalable fabrication of 3D graphene materials.
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INTRODUCTION

Graphene, defined as a plane, hexagonal structure of carbon atoms is regarded as one of the most promising carbonaceous materials with superior properties, including mechanical stiffness, high conductivity, large specific surface area, and decent chemical tolerance (Castro Neto, 2010; Molitor et al., 2011; Avouris and Dimitrakopoulos, 2012). Consequently, graphene is considered as a promising candidate in many fields, in which interfacial reactions and ionic/electronic migrations are dominant, such as electrochemical reactions (Raccichini et al., 2015; Cao et al., 2020, 2021; Feng et al., 2020; Yi et al., 2021), biomedical detection (Yang et al., 2013), corrosion protection (Prasai et al., 2012), and so on. Nevertheless, the scalable production of graphene still confronted with a lot of challenges, including the consumption of energy, low yields, production of waste acid, manipulation risk, and easy restacking of graphene (Abdelkader et al., 2015; Chen et al., 2015). The top-to-down strategy was believed to be efficient in the fabrication of graphene through exfoliation of the bulk graphite monolith. Typically, the physical exfoliation can generate defect-free high-quality graphene; yet the low productive yields and small lateral sizes of graphene impede its widespread applications (Coleman, 2013; Leon et al., 2014). Chemical exfoliation, represented by Hummers' method can be utilized to massively produce graphene; however, the strong oxidant involved in the process induces numerous defects on graphene, and meanwhile emits hazardous pollutants into the environment (Dreyer et al., 2010).

Electrochemical exfoliation, a novel top-to-down exfoliation strategy has attracted a great attention recently, owing to the high efficiency, low-cost, environmentally benign, and up-scalable production (Low et al., 2013). Typically, the graphitic materials are employed as the working electrode during the electrochemical exfoliation process. Upon application of certain potentials, the ions with opposite charges in the electrolyte are attracted to the graphitic electrode. The ions will intercalate into the galleries of graphite, if the ionic size is comparable with that of the distance of the graphite lattice (Yang et al., 2016). The π-π interactions between the graphitic interlayers dramatically decrease along with the intercalation-induced gallery expansion (Lei et al., 2017; Munuera et al., 2017). The overall exfoliated mechanisms are schematically illustrated in Supplementary Figure 1. It is worthy to note that the exfoliated graphite is mostly in the form of powder (Su et al., 2011; Li et al., 2016; Kamali, 2017; Ossonon and Belanger, 2017; Shi et al., 2018), implying the loss of the structural integrity of the graphitic electrode, which is unfavorable for the fabrication of free-standing functional materials.

In this work, we proposed a space-confined strategy to electrochemically exfoliate graphite foil into a three-dimensional (3D) conductive material. The systematic investigations involving electrolyte compositions, applied potentials, and categories of cations and anions, have been carried out to optimize the exfoliation results. After chemical simulation, we unveiled that Li+ complexed by propylene carbonate (PC) molecules will intercalate into graphite under proper potential. After confining the exfoliation inside the metallic gauze, the original overall 3D architecture of the graphite foil can be well-maintained, which enables the design of free-standing electrodes and stretchable carbonaceous aerogels. This work paves an avenue to fabricate 3D graphene materials with an advanced electrochemical exfoliation method.



EXPERIMENTAL SECTION


Materials

Graphite foil with a thickness of 0.127 mm was purchased from Mineral Seal Corporation, AZ, USA. Tetrabutylammonium hydrogen sulfate (TBA HSO4), tetrabutylammoniumtetrafluoroborate (TBATFB), tetramethylammonium perchlorate (TMA ClO4), tetraethylammonium perchlorate (TEA ClO4), and tetrabutylammonium nitrate (TBA NO3) were all purchased from Alfa Aesar, MA, USA. Propylene carbonate (PC), N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF), dimethyl formamide (DMF), acetonitrile, potassium nitrate (KNO3), ammonium hydroxide (NH3 H2O), lithium perchlorate (LiClO4), and sodium perchlorate (NaClO4) were purchased from Sinopharm Chemical Reagent, Shanghai, China.



Preparation of the Electrochemically Exfoliated Graphite Foil

Briefly, the graphite foil with a size of 0.5 × 1.0 cm2 was wrapped with a metallic gauze, followed by immersing into the electrolyte as the reactive section. Electrochemical exfoliation was carried out on a CHI660E electrochemical workstation with typical three-electrode system, wherein the Pt plate, graphite foil, and Ag/AgCl wire were used as the counter, working, and reference electrodes, respectively. Before the electrochemical exfoliation, the electrolyte was saturated with high purity N2, and the N2 was maintained over the whole process. The scan rate during the exfoliation was fixed at 20 mV s−1. The exfoliation results were mainly evaluated by the folds of increment of the double-layer capacitance derived from the integral areas of the cyclic voltammetry (CV) curves.




RESULTS AND DISCUSSION

First of all, we performed the electrochemical exfoliation in an aqueous electrolyte containing 6.0 ml 0.1 M TBA HSO4 + 12.0 ml 0.2 M KNO3. An alternating potential was employed to proceed with the exfoliation at an interval of 20 s.

Various alternating potentials from ± 1.5 to ± 5.5 V were applied to trigger the electrochemical exfoliation in the aqueous electrolyte. Figure 1A shows that the integral areas of CV increase along with the absolute values of the alternating potentials. However, the trends of increment are very limited, if the alternating potentials are further enhanced above 3.5 V (Figure 1B). The folds of increment will be only ca. 4 (vs. pristine graphite foil) when the applied potential reached up to 5.5 V.


[image: Figure 1]
FIGURE 1. (A) The comparison of CV curves before and after applying the alternating potentials; (B) the folds of increment for CV areas as a function of alternating potentials.


It is well-known that the potential window of electrochemical reactions in aqueous solutions is very narrow owing to the facile decomposition of water with intense applied potential (Yang et al., 2017). As a consequence, the aqueous solutions should be replaced by the organic ones, if we would like to further enhance the applied potential. Herein, the NMP was used as the organic solvent, in which 0.1 M TBATFB was dissolved. The period of the applied potential was fixed at 1,000 s. Supplementary Figure 2A displays that the graphite foil cannot be well-exfoliated until the potential lowers down to −1.8 V. It is worthy to note that the graphite foil underwent partial decomposition, if the potential further went down to −2.0 V (Supplementary Figure 2B).

From the aforementioned analysis, the potential of −1.8 V was believed to be the proper potential in this NMP electrolyte system. As a result, we fixed the exfoliation potential of −1.8 V and investigated the double-layer capacitance along with the time. Supplementary Figure 3A shows that the areas of the CV curves increase along with the exfoliation time. The CV curves can still retain a rectangle-like shape and can even prolong the exfoliation above 8,000 s. Supplementary Figure 3B reveals the obvious enhancement of CV areas at the beginning of 400 s period. However, the increment of CV areas is very limited after 800 s, implying that the exfoliation in this system cannot achieve a substantial exposure of new graphitic surface area or even further prolong the exfoliation time. At last, the CV area of the exfoliated sample reaches the 4.02-folds of increment compared with the pristine graphite foil.

Inspired by the Li-PC intercalation system proposed by Wang et al. (2011), the electrolyte was prepared by dissolving LiClO4 into a PC solvent. A CV process was judiciously designed to proceed with the exfoliation mildly, avoiding the departure of the graphite from the electrode. The potential window of the CV was set at a relatively wide range from −3.0 V to 0.3 V at a scan rate of 20 mV s−1 (Figure 2A). There appears a significant anodic peak of the CV curve at around −1.6 V (Figure 2A), wherein the graphite foil underwent a great expansion inside the electrolyte (Figure 2B). The over expansion of the graphite foil leads to partial delamination of the graphitic electrode. Therefore, the graphite foil was wrapped by a metallic gauze for avoiding excessive expansion (Figure 2C). Notably, the metallic gauze can not only maintain sufficient electrolyte infiltration of graphite foil but also facilitate the efficient electronic transportation through the highly conductive metallic shells, which is highly desirable for electrochemical exfoliation. As a result, we obtained a well-defined 3D graphitic hydrogel (Figure 2D). Figures 2E,F display the microstructures of the graphite foil before and after exfoliation, respectively. It is clear that the original stacked graphitic sheets are individually separated after the aforementioned electrochemical exfoliation. Supplementary Figure 4 shows the comparison of X-ray diffraction (XRD) patterns of graphite foil before and after electrochemical exfoliation. The dramatical decline of the (002) peaks after exfoliation indicates a successful delamination of few-layered graphene nanosheets. Just like the pristine graphite foil, the exfoliated one contains the elements including only carbon and oxygen (Supplementary Figure 5). The Raman spectra shown in Supplementary Figure 6 reveals that the D band of the pristine graphite foil is almost negligible, while the D bands that emerge after electrochemical exfoliation indicate that some of the graphitic defects are introduced during the exfoliation process.
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FIGURE 2. (A) The CV curves designed for electrochemical exfoliation; (B) the exfoliated graphitic materials prepared with this CV method; (C) the electrochemical exfoliation conducted with the space confined strategy; (D) the exfoliated graphitic hydrogel obtained by the electrochemical exfoliation by wrapping the metallic gauze; graphite foil (E) before and (F) after exfoliation.


We further investigated the effects of LiClO4concentration on the electrochemical exfoliation. Figures 3A–F show the comparison of the CV curves before and after exfoliation with LiClO4 ranging from 20 to 70 mg ml−1. We can clearly see that the double-layer capacitances were evidently enhanced after exfoliation in each of the concentration. Figure 3G reveals that the value of folds of increment elevates initially and then goes down after 50 mg ml−1. After optimization of the LiClO4 concentration, the folds of increment of the double-layer capacitance can reach to a high value of ca. 8.0.


[image: Figure 3]
FIGURE 3. (A–F) Comparison of electrochemical exfoliation for graphite foil with various concentrations of LiClO4 in PC solvents; (G) the folds of increment of the double-layer capacitance along with the concentration of LiClO4.


Since LiClO4 presents significant effects on the exfoliation of graphite foil, we tried to search for other electrolyte compositions with various cations and anions. Herein, PC will be still acting as the solvent, and the cation is fixed to the typical TBA+. The areas of CV curves before and after exfoliation show very tiny differences with the anions of TFB−, [image: image], [image: image], and [image: image], implying the limited effects of anions on the exfoliation behaviors (Supplementary Figure 7).

We also investigated the effects of cations toward electrochemical exfoliation when the anion is fixed as [image: image]. Supplementary Figure 8 shows that the Li+ exhibits a predominant advantage for the enhancement of the double-layer capacitance, with a fold of increment approaching 8.0. However, the other cations investigated present very low values (below 2.0) even for Na which is the analogous element of Li. The huge differences between Li and Na, including the atomic size, electronegativity, and reduction potential give rise to different contributions to the exfoliation efficiency.

In order to investigate the exfoliation mechanism of LiClO4 in PC solvent, the chemical simulations have been performed for the calculation of the interaction energies of the optimized configurations. Figure 4 reveals the Li-PC complex configurations before and after simulative optimization. In contrast to the original value of 0.2258 nm, the bond distance between O7 and Li11 was shortened to 0.1, 7,622 nm after optimization, owing to the as-formed strong interaction.


[image: Figure 4]
FIGURE 4. Li-PC complex configurations (A) before and (B) after optimization through chemical simulation method.


The interaction energy was calculated to determine the stability of the Li-PC complex and expressed as follows:

[image: image]

wherein, ΔE represents the interaction energy, while the ELi·PC,ELi and EPC represent the single-point energies of Li-PC system, Li+ ions, and PC molecules, respectively. The interaction energy (ΔE) was calculated to be −203.87375 kJ mol−1, which enables the formation of stable Li-PC complex. It is worthy to note that the positively charged Li-PC complex can intercalate into the galleries of the graphite in case of applying a negative potential, and the graphitic materials will be well-exfoliated under repeated intercalation and deintercalation cycles.



CONCLUSION

In this work, we proposed a space-confined electrochemical strategy to exfoliate the graphitic materials with the merits of highly efficient, environmentally benign, and up-scalable production. A systematic investigation, in terms of applied potentials, periods, and electrolyte categories has been performed to search for the most effective exfoliation conditions. Eventually, the Li-PC electrolyte system was screened as the optimal complex, with which the exfoliated graphite foil can deliver ca. 8.0-folds of increments of the double-layer capacitance compared with the pristine one. Besides, the graphite foil can still maintain the overall 3D architecture after electrochemical exfoliation with the space-confined method. The mechanism of exfoliation in Li-PC electrolyte was well-elaborated via chemical simulation. The strong interaction between Li+ ions and PC molecules was deemed to form a Li-PC complex, and thereby intercalated integrally into the interlayers of the graphitic materials. This work paves an avenue to fabricate the 3D exfoliated graphite with advanced electrochemical strategy.
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