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Reversible intercalation of guest ions in graphite is the key feature utilized in modern battery technology. In particular, the capability of Li-ion insertion into graphite enabled the successful launch of commercial Li-ion batteries 30 years ago. On the road to explore graphite as a universal anode for post Li-ion batteries, the conventional intercalation chemistry is being revisited, and recent findings indicate that an alternative intercalation chemistry involving the insertion of solvated ions, designated as co-intercalation, could overcome some of the obstacles presented by the conventional intercalation of graphite. As an example, the intercalation of Na ions into graphite for Na-ion batteries has been perceived as being thermodynamically impossible; however, recent work has revealed that a large amount of Na ions can be reversibly inserted in graphite through solvated-Na-ion co-intercalation reactions. More recently, it has been extensively demonstrated that with appropriate electrolyte selection, not only Na ions but also other ions such as Li, K, Mg, and Ca ions can be co-intercalated into a graphite electrode, resulting in high capacities and power capabilities. The co-intercalation reaction shares a lot in common with the conventional intercalation chemistry but also differs in many respects, which has attracted tremendous research efforts in terms of both fundamentals and practical applications. Herein, we aim to review the progress made in understanding the solvated-ion intercalation mechanisms in graphite and to comprehensively summarize the state-of-the-art achievements by surveying the correlations among the guest ions, co-intercalation conditions, and electrochemical performance of batteries. In addition, the advantages and challenges related to the practical application of graphite undergoing co-intercalation reactions are presented.
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INTRODUCTION

The ever-growing energy demands associated with global economic growth combined with the current dependency on unsustainable energy resources and related environmental concerns has motivated our modern society to explore green and sustainable energy resources such as solar and wind. These naturally intermittent energy resources require the development of reliable energy storage systems (ESSs), and rechargeable batteries are among the most promising candidates. Since the early 1990s, lithium-ion batteries (LIBs) have dominated the energy storage market with their high energy densities and reliable battery performance (Kang et al., 2006; Armand and Tarascon, 2008; Dunn et al., 2011). However, the surging global market for electric vehicles has raised concerns about the sustainable supply of LIBs, particularly the uneven distribution of lithium resources in the world, leading to demand for alternative battery chemistries (Kim et al., 2012; Choi and Aurbach, 2016; Ponrouch et al., 2016; Olivetti et al., 2017). In this respect, increasing attention has been focused on post LIBs, including Sodium-ion batteries (SIBs) (Pan et al., 2013; Xiang et al., 2015; Kim et al., 2016a; Kim J. et al., 2018; Laziz et al., 2018; Lee et al., 2018), Magnesium-ion batteries (MIBs) (Muldoon et al., 2014), and Calcium-ion batteries (CIBs) (Gummow et al., 2018; Ponrouch and Palacin, 2018; Wang et al., 2018) as alternative-ion battery technologies, considering the similar physicochemical properties of lithium and alkali metal (i.e., Na, K)/alkaline earth metal (i.e., Mg, Ca) elements.

Graphite has been the standard anode material for LIBs since the 1990s. For post-LIBs based on intercalation chemistry, graphite is also regarded as a preferred anode because in addition to the merits of graphite itself (including its low cost and chemical/electrochemical stability), one can learn from past lessons on the electrode design of LIBs and/or employ similar battery manufacturing lines as those used for LIBs with high industrial convenience (Xu et al., 2018b; Li et al., 2019). Graphite consists of honeycomb carbon layers weakly bound by van der Waals interaction, as depicted in Figure 1A, with hexagonal ABA or rhombohedral ABC stacking and an interlayer distance of ≈0.335 nm (Li et al., 2019). Guest ions can intercalate into the graphite galleries by forming graphite intercalation compounds (GICs). The history of GICs can be traced back to 1840s when Schaffautl et al. attempted to intercalate H2SO4 into graphite (Schafhaeutl, 1840). Since then, various reagents have been intercalated into graphite for applications ranging from superconducting materials and catalysts to hydrogen storage materials and battery electrodes (Besenhard et al., 1980; Dresselhaus and Dresselhaus, 1981). The intercalation of Li ions into graphite in non-aqueous electrochemical cells was achieved in the 1990s (Fong et al., 1990; Shu et al., 1993; Dahn et al., 1995), laying the foundation for modern LIBs. As illustrated in Figure 1B, for typical Li intercalation in graphite, the solvated Li ions in the electrolyte are de-solvated, and bare Li ions are subsequently inserted, yielding a theoretical lithium storage capacity of ≈372 mAh g−1 at a potential of ≈0.15 V vs. Li+/Li.
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FIGURE 1. (A) Schematic illustration of graphite structure with two stacking sequences including ABAB (2H) and ABCABC (3R). ABAB stacking is known to be the main type of stacking for the graphite. (B) Schematic diagrams of the coordination structure in electrolyte, the intercalated graphite and the co-intercalated graphite, respectively. Co-intercalation involves the insertion of solvated ions. (A) Reproduced from Li et al. (2019) with permission from the Royal Society of Chemistry.


Despite the unique capability of graphite to host various intercalants including Li, K, Cs, and Rb, the amount of Na that can be reversibly intercalated into graphite is known to be unexpectedly small (≈NaC186) (Doeff et al., 1993). Similar results have also been reported for MIBs (Liu et al., 2016) and CIBs (Takeuchi et al., 2011). Theoretical studies have revealed that the strong local interaction between Na (or Mg, Ca) ions and graphene layers dominantly destabilizes the GICs (Liu et al., 2016; Yoon et al., 2017), consequently leading to low Na (or Mg, Ca)-ion storage capacities in graphite anodes. However, our group (Kim et al., 2015a) and (Jache and Adelhelm, 2014) independently observed that Na can be reversibly stored in graphite in a large quantity through co-intercalation reactions, where solvated Na ions are intercalated together into graphite galleries, forming a ternary GIC (t-GIC) (Figure 1B). Motivated by these findigs (Kim et al., 2015b; Seidl et al., 2017), the co-intercalation of other ions (i.e., Li+, K+, Mg2+, Ca2+) in graphite (Kim et al., 2016b, 2017; Kim D. M. et al., 2018; Park et al., 2019; Prabakar et al., 2019) and the electrochemical performance of co-intercalated graphite (Cohn et al., 2016a; Hasa et al., 2016) have been extensively investigated in recent years.

In this review, we undertook a careful survey and analysis of the state-of-the-art knowledge on the co-intercalation behaviors of alkali (Li, Na and K) and alkaline earth (Mg, Ca) metal ions into graphite. Recent experimental and theoretical work will be overviewed and issues related to the differences between intercalation and co-intercalation will be discussed. Advantages and challenges of co-intercalation reactions are presented as guidelines for the design of graphite anodes exploiting co-intercalation. Finally, we will discuss how the major challenges can be potentially resolved to enable the practical application of co-intercalation graphite anodes.



SOLVATED ALKALI AND ALKALINE EARTH METAL-ION INTERCALATION IN GRAPHITE


Na Co-intercalation

A low-stage Na intercalated binary graphite intercalation compound (b-GIC) has never been experimentally observed, unlike other alkali-based binary GICs such as LiC6 and KC8 (Metrot et al., 1979; Ge and Fouletier, 1988; Adhoum et al., 2006; Moriwake et al., 2017). Because of the incapability of Na insertion in graphite, most previous efforts in the development of Na storage anodes have focused on other types of carbon and its derivatives (Doeff et al., 1993; Stevens and Dahn, 2001; Irisarri et al., 2015; Yun et al., 2015; Kim and Kim, 2018; Xu et al., 2018b). A few theoretical papers have focused on the origin of the thermodynamic instability of Na b-GICs (Figures 2A,B) (Nobuhara et al., 2013; Okamoto, 2014; Yoon et al., 2017). Wang et al. and Liu et al. rationalized the cause of the abnormal instability of Na insertion by deconvoluting the formation energies of GICs into three potential reactions (Wang et al., 2014; Liu et al., 2016): (1) the reconstruction of graphite, (2) metal intercalation, and (3) other remaining energies. Although the instability of Na b-GICs was found to be mainly related to the third reaction, a detailed investigation of those remaining energies was not explored. More recently, Yoon et al. elucidated the main factors contributing to the third reaction (Yoon et al., 2017). Density functional theory (DFT) calculations on the alkali metal-GICs (alkali metal: Li, Na, K, Rb, and Cs) were performed to investigate the thermodynamic instability of the stage 1 alkali metal-GICs. As indicated in Figure 2C, three primary changes occurring during the formation of GICs were scrutinized: (i) the alkali metal decohesion from pristine bcc-type structures, (ii) the structural deviation of graphite, and (iii) the local interaction between the single layer of graphite and the alkali metal ion. The computational results indicated that the energy of (iii) was the determining factor and linearly followed the trend of the formation energies of alkali metal-GICs, as depicted in Figure 2F, with the abnormality displayed only in the Na case. In contrast, trends for the energies related to (i) and (ii) were not observed peculiarly for Na GICs (Figures 2D,E, respectively). This finding suggests that the instability of the Na GIC framework can be mainly attributed to the elemental instability of Na adsorption on the graphene layer, which induces unfavorable local interaction between Na ions and graphite.
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FIGURE 2. (A) Formation energies of AMC6 structured GICs (AM: Li, Na, K, Rb, and Cs). (B) Formation energies of NaC6 and NaC8 GICs with different stage number. (C) Schematic images of three different contributing factors to the formation energy of AM-GICs; Energy factors from (D) metal decohesion, (E) AM intercalation and interlayer space, and (F) interaction between AM and graphene single layer. (A,B) Reproduced from Moriwake et al. (2017) with permission from the Royal Society of Chemistry. (C–F) Reproduced from Yoon et al. (2017) with permission from Wiley-VCH.


Jache et al. and Kim et al. suggested a new approach to utilize graphite as an anode for Na-ion batteries using solvent co-intercalation chemistry (Jache and Adelhelm, 2014; Kim et al., 2015a). Jache et al. showed that the use of a graphite electrode in an electrochemical cell with sodium triflate (NaOTf) in diglyme electrolyte enabled Na-ion insertion, with a reversible specific capacity of ≈100 mAh g−1 and a coulombic efficiency of ≈99.87%; in contrast, a reference cell with NaPF6 in ethylene carbonate/diethyl carbonate (EC/DEC) electrolyte exhibited negligible capacity, as shown in Figures 3A,B (Jache and Adelhelm, 2014). The authors assumed that the composition of the fully sodiated GIC was Na(diglyme)2C20 based on the capacity; however, an explanation for the ratio between Na and diglyme molecules in the GIC was not provided. Kim et al. also demonstrated that a graphite electrode delivered a reversible capacity of ≈150 mAh g−1 in a cell employing DEGDME electrolyte (Figure 3C) (Kim et al., 2015a). Moreover, surprisingly, the graphite electrode stably delivered capacity over 2,500 cycles at a current density of 500 mA g−1, as shown in Figure 3D. Ex-situ X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared (FTIR) spectroscopy analysis confirmed that Na ions were co-intercalated with ether molecules into the graphite galleries. By monitoring the weight change of the graphite electrode during discharge and charge, the authors demonstrated that the Na:diglyme ratio in the t-GIC was actually 1:1 (Kim et al., 2015b). This ratio was further supported by energy-dispersive X-ray (EDX) spectroscopy analysis, which revealed the presence of 3 oxygens per Na in t-GIC with diglyme electrolytes. This finding indicated that one diglyme is coordinated with one Na ion in the co-intercalated graphite, suggesting that the composition of sodiated graphite is Na(digylme)C21. In addition to the excellent reversibility of graphite, the unexpectedly high rate capability of the co-intercalation has been also demonstrated. Upon increasing the current density from 0.1 to 10 A g−1, 92% of the capacity observed at 0.1 A g−1 was stably retained (Figure 3E) (Zhu et al., 2015).


[image: Figure 3]
FIGURE 3. Charge and discharge profiles of Li/Na-based graphite cells with (A) conventional carbonate-based lithium electrolyte and (B) ether-based sodium electrolyte. (C) Charge and discharge profiles of natural graphite with Na-based DEGDME electrolyte. (D) Cycle stability, and (E) rate capability of Na ether co-intercalation reaction. (A,B) Reproduced from Jache and Adelhelm (2014) with permission from Wiley-VCH. (C,D) Reproduced from Kim et al. (2015a) with permission from Wiley-VCH. (E) Reproduced from Zhu et al. (2015) with permission from Elsevier.


An electrochemical mass spectroscopy study showed that the electrolyte decomposition only partly occurs in the first cycle but is restricted in further cycles (Goktas et al., 2018b). With the absence of the notable signature of solid electrolyte interphase (SEI) layers or broken fractions in transmission electron microscopy (TEM) images, it was speculated that even if SEI layers exist and break in the first cycle because of the large volume change originating from solvent co-intercalation, the new SEI layers did not form in further cycles. This SEI-free nature was believed to contribute to enhancing the charge-transfer kinetics in the process of Na intercalation and deintercalation (Goktas et al., 2018b; Jow et al., 2018). To better understand the Na storage mechanism in graphite, the structural evolution of graphite during Na de/intercalation was probed using synchrotron in operando X-ray diffraction (XRD) (Kim et al., 2015b). According to the XRD patterns presented in Figure 4A, the pristine graphite structure transformed into multiple new phases during the de/intercalation process, and the initial structure was recovered after cycling. The evolution of the XRD patterns clearly demonstrated that the typical staging behaviors of graphite occurred during co-intercalation. During the initial sodiation steps, the graphite electrode underwent one-phase-like reactions, which involved many different staging structures changing sensitively with small variations of Na storage contents. The subsequent phase transformations continued by forming stage 3, stage 2, and stage 1 with further sodium-complex intercalations. During the desodiation steps, the reverse phase transformations were observed, indicating the reversibility of the Na de/intercalation, which was consistent with the ex-situ XRD analysis (Zhu et al., 2015). The c-lattice parameter was shown to systematically change by ≈3.4 Å for each staging process, with that of stage 1 being as large as 11.62 Å. On the basis of the DFT calculations and XRD analysis, Kim et al. proposed a detailed Na-GIC structure and reported that the structure with double stacking of the [Na-DEGDME]+ complex located at one-third and two-third of the height of the graphite galleries was the most energetically stable and best fit with the XRD data (Figure 4B). In addition, a dilatometry experiment conducted by Goktas et al. revealed that despite the large c-lattice variation in t-GIC structures, the practical volume change is approximately 70%−100% on the electrode scale (Figure 4C) (Goktas et al., 2018b).
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FIGURE 4. (A) In operando XRD patterns of graphite during electrochemical cycling in SIBs. (B) Possible configurations of ether-Na complex intercalated graphite compounds with different ether solvents. (C) Change of electrode thickness during cycling of graphite with ether-based electrolyte in SIBs. (D) Schematic illustration of the conditions for reversible Na co-intercalation. (A,B) Reproduced from Kim et al. (2015b) with permission from the Royal Society of Chemistry. (C) Reproduced from Goktas et al. (2018b) with permission from Wiley-VCH. (D) Reproduced from Yoon et al. (2017) with permission from Wiley-VCH.


The co-intercalation reaction strongly depends on the selection of solvents in the electrolytes because the coordination structures of Na ions are determined by the nature of the co-intercalating solvent molecules (Kim et al., 2015a; Jache et al., 2016; Goktas et al., 2018a; Xu et al., 2019). Indeed, the most favorable coordination number of one alkali metal ion in glyme-based electrolytes ranges from 4 to 7, leading to complexes with different structures (Matsui and Takeyama, 1998; Rhodes et al., 2002; Henderson, 2006; Kim et al., 2016b). Xu et al. demonstrated that the Na storage potentials increase with the chain length of the ether solvent, varying from 0.59 to 0.65 to 0.77 V (vs. Na/Na+) in electrochemical cells employing dimethoxyethane (DME), DEGDME, and tetraethylene glycol dimethyl ether (TEGDME), respectively (Xu et al., 2019). This variation was attributed to the solvent molecules with longer chains providing more efficient screening against the unfavorable interaction between the Na ions and host. Yoon et al. scrutinized the role of solvent molecules with respect to the thermodynamic stability of ternary Na GICs (Yoon et al., 2017). A Na-DEGDME complex intercalated GIC was shown to have a greatly reduced formation energy of −0.87 eV compared with that of NaC6 conformation (0.03 eV) due to the effective screening of the interaction between Na and graphene, promoting the generation of stable co-intercalated GICs. Furthermore, the authors proposed two conditions for solvent selection for reversible Na storage in graphite, as illustrated in Figure 4D: (i) a large solvation energy and (ii) high lowest unoccupied molecular orbital (LUMO) levels of the [Na–solvent]+ complexes. A strong solvation capability of the solvent to Na ions enhances the stability of [Na–solvent]+ complexes during the intercalation. For example, the presence of multiple oxygen atoms in ether-based solvents results in the strong solvation structure of Na ions such as in DME, DEGDME, and TEGDME, which should be maintained during the co-intercalation process. For the second condition, if the LUMO level of the [Na–solvent]+ complexes is not sufficiently high or if it is even lower than the Fermi level of graphite, an energetically downhill reaction will inevitably occur, leading to electrolyte decomposition and gas evolution, or exfoliation eventually. Thus, the LUMO level of the solvent in the Na-ion complex should be reasonably higher than that of the Fermi level of graphite. This also explains why the intercalation of [Li–propylene carbonate (PC)]+ complexes, whose LUMO level is located below the Fermi level of graphite, involve significant exfoliation of graphite structures, as observed experimentally (Chung et al., 2000).



Li and K Co-intercalation

Co-intercalation reactions of Li ions and solvent molecules in graphite were reported prior to Na co-intercalation reactions (Abe et al., 2002, 2004). In the development of LIBs, co-intercalation was regarded as undesirable because it usually led to exfoliation of graphite and gas evolution reactions, resulting in failure of the cell (Wagner et al., 2005). In 2004, Abe et al. reported the first reversible solvated-Li-ion co-intercalation reaction in graphite (Abe et al., 2004). When they employed solvents with high donor number in the electrolyte, partly reversible co-intercalation was observed to occur in DME and dimethyl sulfoxide (DMSO), unlike the co-intercalation in PC case (Figures 5A,B, respectively). The characteristic cathodic and anodic peaks differed from those of the conventional bare Li intercalation or solvent decomposition reaction. In addition, the presence of low-angle XRD peaks for the discharged graphite was considered additional experimental evidence of the solvated Li-ion co-intercalation reaction into graphite; however, detailed analysis was not provided. Yamada et al. further investigated the effect of the solvation nature of DMSO-based electrolytes on Li-ion co-intercalation into graphite (Yamada et al., 2010). By altering the salt concentrations and adding dimethyl carbonate (DMC) solvents, the solvation number of DMSO molecules (NDMSO) for Li ions could be controlled. For NDMSO >≈3, Li ions were intercalated without full desolvation of the DMSO solvents (i.e., co-intercalation), whereas the conventional bare Li-ion intercalation reaction was observed for NDMSO < 2.


[image: Figure 5]
FIGURE 5. Cyclic voltammetry profiles of graphite cells with (A) DME-based Li electrolyte, and (B) DMSO-based Li electrolyte. (C) Analogous charge and discharge profiles of graphite with Na, Li, and K co-intercalation reactions. (D) Specific capacities and (E) average voltages of Li, Na and K co-intercalation reactions (filled symbols: charge voltage, empty symbols: discharge voltage, lines: average voltage) (A,B) Reproduced from Abe et al. (2004) with permission from the Electrochemical Society. (C–E) Reproduced from Kim et al. (2016b) with permission from the Royal Society of Chemistry.


Kim et al. successfully demonstrated that practical battery performance can be achieved from an electrochemical system exploiting the co-intercalation of Li, as shown in Figure 5C (Kim et al., 2016b). Moreover, similar results were obtained for K and Na electrochemical cells with a graphite electrode. All the electrochemical cells delivered specific capacities of ≈100 mAh g−1 regardless of the inserted alkali ion species. In addition, the structural evolution and staging behavior were similar for Li, Na, and K co-intercalations, implying that the interaction between alkali ions and the graphite host was not predominant and had been significantly weakened by the presence of the solvating molecules (Figure 5D). However, the insertion potentials of the solvated-ion intercalations were clearly distinguished for each case. Figure 5E shows that the insertion potential of the co-intercalation reactions increased from Li to Na and K. It was speculated that because the expanded interlayer distance reduces the electrostatic repulsion between negatively charged adjacent graphene layers, larger guest ions may stabilize the discharged GIC more, leading to a higher potential. Considering the diversity of solvation structures, 12-crown-4-ether solvents were also studied to understand the Li co-intercalation mechanism in graphite (Shimizu et al., 2018). A higher rate performance was realized by employing 12-crown-4-ether solvents in the co-intercalation rather than the conventional ethylene carbonate (EC)/DMC electrolyte system. Upon increasing the current density from 0.1 C to 5 C, 20% of the capacity was maintained with the EC/DMC electrolyte system, whereas 66% of the capacity was retained with the 12-crown-4-ether electrolyte system. This improvement was attributed to the absence of the desolvation process during the intercalation. However, the cycle stability was noted as a severe problem in Li co-intercalation reactions. Recently, Kim et al. showed that the main cause of the previously observed cycle degradation of Li co-intercalation was indeed related to side reactions at the surface of the Li metal counter electrode used in the half-cell experiment rather than the co-intercalation itself, and the side reactions arose from the chemical incompatibility between Li metal and DEGDME-based electrolytes (Kim et al., 2017). They demonstrated the stable cycling of LiFePO4/graphite full cells with ≈80% capacity retention after 200 cycles. However, Jung et al. claimed that Li co-intercalation provided relatively lower power capability compared with Na co-intercalation into graphite. DFT calculations indicated that the diglyme-solvated Li ions possess a curved solvated structure, leading to steric hindrance with other molecules during co-intercalation reactions, in contrast to the rapid diffusion of the flat Na-diglyme structure in graphite galleries (Jung et al., 2017).

The electrochemical behavior for co-intercalation differs from that of the conventional intercalation of Li or K ions into graphite, with the most practical and obvious dissimilarities being the average voltage and specific capacity. When the solvent intercalates together with Li or K ions in LIBs or K-ion batteries (KIBs), the GICs, the product of the co-intercalation, are likely to be energetically more stabilized as the solvent molecules alleviate the unfavorable interaction between the graphene layer and intercalated ions. The higher stability in the product of the electrochemical reaction leads to a higher discharge potential for the co-intercalation reaction. The voltages for co-intercalation are generally 0.5–1 V, which are much higher than the ≈0.2 V of the bare-ion intercalation. With respect to the specific capacity, the graphite electrode is capable of delivering a capacity of 372 and 250 mAh g−1 for bare Li and K insertion, respectively. However, for co-intercalation, because solvent molecules are involved in the intercalant weight and restrict the space for the occupation of alkali ions, a loss of capacity is inevitable; the capacity is typically reduced to ≈140 mAh g−1. Another important difference is that relatively faster charge/discharge kinetics has been generally observed for co-intercalation despite the bulky solvent–ion complex intercalation. One possible reason for this observation is that the desolvation process is not involved in the co-intercalation reactions. Because the desolvation step at the electrode interface is regarded as one of the rate-determining steps in the charge-transfer reaction in graphite, the absence or simplification of the desolvation process may contribute to enhanced rate performance. The fast co-intercalation process has also been attributed to the nature of the SEI, as limited growth of the SEI layer has typically been observed for the co-intercalation of Li, Na, and K. Kim et al. demonstrated that approximately 87% of the theoretical capacity of a graphite co-intercalation anode could be retained upon increasing the current density from 0.05 to 1 A g−1(Kim et al., 2017). Comparison of Li, K intercalation and co-intercalation is summarized in Table 1, which will provide useful guidance toward selection of intercalation processes for different end applications.


Table 1. Comparison of the co-intercalation and conventional intercalation of Li and K in graphite, illustrating the advantage and disadvantage for Li or K co-intercalation.
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Multi-Valent Cation Co-intercalation

Recently, the exploitation of multi-valent ions has been heavily investigated in the battery field. Rechargeable batteries based on multi-valent ions are expected to be one of the possible solutions for increasing the energy density by using double or triple the number of electrons per one ion intercalation, taking advantage of a similar intercalation host/reaction with doubled or more-than-doubled capacity (Aurbach et al., 2000; Lin et al., 2015; Ponrouch et al., 2016; Kim et al., 2019). In particular, Mg and Ca batteries have attracted widespread interest because of their low cost, light weight, and stable multi-valent states. Mg and Ca metals are the natural choice for an anode for such a battery system because the elemental metal can offer the highest energy density. Nevertheless, thick insulating films generally form on the surfaces of these elemental metal anodes when assembled in an electrochemical system employing common organic solvents, and these passivation layers typically inhibit the reversible deposition/stripping of Mg or Ca, leading to poor electrochemical performance (Gummow et al., 2018; Wang et al., 2018). As an alternative anode, graphite has been considered as an anode host for Mg and Ca, establishing MIBs or CIBs. However, similar to Na GICs, Mg or Ca binary GICs are difficult to synthesize or obtain electrochemically at ambient conditions (Xu and Lerner, 2018). Preparation of stage 1 GICs usually requires several weeks of heat treatments at 400°C−500°C, and the electrochemical formation is not feasible in conventional electrolyte systems (Figure 6A), which has hindered the development of graphite-based anodes for MIBs and CIBs.


[image: Figure 6]
FIGURE 6. Charge and discharge profiles of graphite with (A) conventional carbonate-based Mg electrolyte and (B) DMF-based Mg electrolyte. (C) Galvanostatic intermittent titration technique (GITT) profiles of graphite with DME/DEGDME-based Mg electrolyte. (D) Charge and discharge profiles of graphite with DMAc-based Ca electrolyte at different current densities. (E) 13C-NMR spectra of DMAc solvent, DMAc-based electrolyte, and fully calciated graphite. (F) Charge and discharge profiles of graphite with TEGDME-based Ca electrolyte and the corresponding dQ/dV curve. (G) Cycle stability of graphite Ca cells with TEGDME-based electrolyte. (H) Energetically most probable configuration of Ca-TEGDME complex intercalated graphite. (A,C) Reproduced from Kim D. M. et al. (2018) with permission from American Chemical Society. (B) Reproduced from God et al. (2017) with permission from the Royal Society of Chemistry. (D,E) Reproduced from Park et al. (2019) with permission from Wiley-VCH. (F–H) Reproduced from Prabakar et al. (2019) with permission from Wiley-VCH. Note that three peaks at 109.8, 123, and 133.7 ppm indicated with * are originated from graphite and/or carbon peaks of binder.


Recently, God et al. claimed that a new electrolyte system may enable Mg co-intercalation into graphite (God et al., 2017). Figure 6B shows that a graphite cell with 0.5 M magnesium bis(trifluoromethanesulfonimide) (Mg(TFSI)2) in dimethylformamide (DMF) as the electrolyte reversibly delivers a capacity of ≈35 mAh g−1 at the first cycle and that this capacity is sustained for 100 cycles with a coulombic efficiency of ≈98%. Although ex-situ XRD analysis was performed to provide evidence of the possibility of solvent co-intercalation with Mg ions, the analysis did not clearly support the solvated-ion intercalation. Moreover, the co-intercalation voltage was abnormally low (<0 V vs. Mg/Mg2+), which contrasts with the values previous reported for other co-intercalation systems. More recently, Kim et al. used an ether-based electrolyte to enable a Mg co-intercalation reaction (Kim D. M. et al., 2018). By employing 0.3 M Mg(TFSI)2 in DME/DEGDME as the electrolyte, the cell could be galvanostatically cycled with a specific capacity of 180 at 2 mA g−1. A large polarization of ≈2 V was observed during the de/intercalation reactions, as shown in Figure 6C. Ex-situ XRD combined with FTIR spectroscopy revealed the presence of solvent molecules intercalated within the magnesiated graphite. Additionally, a Mg2+-DEGDME double-layer structure was proposed as the most stable configuration of fully discharged graphite according to DFT calculations. It is worth noting that the concept of improving Mg2+ intercalation kinetics through solvent chelation has been expended to MgCl+, which lowers the polarization strength and activation barrier for Mg2+, leading to high power Mg ion batteries with TiS2 (Yoo et al., 2017) or VOPO4 (Zhou et al., 2018) electrodes.

A more recent study also revealed that the room-temperature electrochemical insertion of Ca2+ in a graphite electrode is feasible utilizing the co-intercalation reaction (Park et al., 2019). Park et al. demonstrated that a graphite cell with 0.5 M Ca(BH4)2 in dimethylacetamide (DMAc) as the electrolyte exhibited a reversible capacity of 97 mAh g−1 at the first cycle, which was stably retained in subsequent cycles. Moreover, the graphite electrode delivered a capacity of 67 mAh g−1 at a high rate of 2.0 A g−1, corresponding to 75% of the capacity delivered at 0.05 A g−1 (Figure 6D), which is a respectable power capability. In operando XRD data suggested that an analogous staging process to that of Na co-intercalation occurred in the Ca electrochemical cell, confirming the co-intercalation. Additionally, a possible Ca2+-DMAc complex structure was proposed based on the results of solid-state nuclear magnetic resonance (NMR) and DFT calculation, as depicted in Figure 6E (Park et al., 2019). Prabakar et al reported that the use of 1 M Ca(TFSI)2 in tetraglyme as the electrolyte could also enable Ca2+-ion intercalation together with the ether solvent. The graphite electrode delivered a reversible capacity of ≈80 mAh g−1 at the first cycle (Figure 6F) (Prabakar et al., 2019). In addition, the capacity was maintained for more than 2,000 cycles at a current density of 1.0 A g−1, as shown in Figure 6G. According to DFT calculations, when tetraglyme is co-intercalated with calcium ions, a parallel double-stacking configuration is formed in the GICs, which is similar to the observation for the previous Na ether co-intercalation. Nevertheless, a stage 1 calciated graphite structure has not been reported in the literatures, and this structure is speculated to possess larger electrostatic interactions between Ca2+ ions than those of alkali metal ions; the stage 3 configuration is shown in Figure 6H. Further studies are needed to elucidate the specific solvent selectivity that makes multivalent-ion co-intercalation possible.




ADVANTAGES AND CHALLENGES FOR SOLVATED-ION INTERCALATION

As observed in the survey of previous experimental and theoretical findings, there are several unique advantages of the co-intercalation reactions of graphite in an electrochemical system. First, the kinetics of solvated-ion intercalation is remarkably faster than that of conventional intercalation reactions. As demonstrated by Kim et al., the [Li–ether]+ co-intercalation into graphite can be performed at up to 1 A g−1 without a noticeable reduction in capacity; in contrast, the conventional Li intercalation capacity at 1 A g−1 is significantly smaller (Kim et al., 2017). Experimental and simulation studies have suggested that the lack of a desolvation process during the co-intercalation and the marginal formation of a SEI layer at the graphite surface synergistically promote the facile transport of solvated ions into graphite (Jung et al., 2017). The minimized interaction between the solvated guest ions and graphene layers also contributes to the rapid diffusion of the intercalant in graphite. For example, DMAc-solvated-Ca ions were readily intercalated into graphite (Park et al., 2019), delivering an exceptionally high rate capability up to 2 A g−1, with 75% of the specific capacity maintained at 0.05 A g−1. The fast intercalation kinetics are beneficial for achieving high-power-density full cells; for example, graphite//Na1.5VPO4.8F0.7 full cells possessed the highest-ever reported power density of 3,863 Wh kg−1 among Na-ion batteries (Xu et al., 2019). Second, the co-intercalation of the graphite anode generally results in remarkable cycle stability (up to several thousand cycles, as shown in Table 2), which is appealing for the practical application of rechargeable batteries. First-principles calculations revealed that Na–ether co-intercalated graphite exhibits robust stability owing to the ether–graphene van der Waals interaction (Jung et al., 2017; Yoon et al., 2017), ensuring notable cyclic stability for co-intercalation electrodes. Third, the thin and robust SEI is also believed to improve the cyclic reversibility and lead to high coulombic efficiency and fast reaction kinetics for the co-intercalation of graphite. Various characterization tools have revealed the presence of unusually thin and stable SEI layers at the graphite surface during co-intercalation reactions. XPS combined with depth profiling clearly confirmed that only a marginal amount of SEI was formed on the surface of graphite in LIBs using an ether-based electrolyte (Kim et al., 2017). Similarly, TEM analysis revealed a thin SEI for Na co-intercalated graphite (Goktas et al., 2018b). Kim et al. attributed the absence of or unusually thin surface film to the relatively high cut-off voltage (0.3 V vs. Li+/Li) of the Li co-intercalation and the high LUMO level of the Li–ether-based electrolyte (Kim et al., 2017). Goktas et al. assumed that the interface between graphite and the electrolyte is kinetically stabilized in the Na co-intercalation system, thereby suppressing the decomposition of the electrolyte (Goktas et al., 2018b). Understanding the unprecedentedly thin SEI at the graphite surface during co-intercalation is thus an important future task.


Table 2. Electrochemical performance of reported co-intercalation graphite anodes in rechargeable batteries.

[image: Table 2]

Co-intercalation in graphite is not without issues, including (i) the large volume expansion of graphite during discharge, (ii) the high redox potential, (iii) the request of a flooded electrolyte, and (iv) the poor understanding of the reaction mechanisms. In commercial LIB configurations, the swelling of the external dimensions of batteries is generally limited to below 5% to guarantee the safety and stability of battery packs (Dash and Pannala, 2016). However, the co-intercalation of graphite typically involves large volume variations (200–300% for [Na–ether]+ (Kim et al., 2015b) and 215% for [Ca–DMAc]2+ (Park et al., 2019) co-intercalation, respectively). Recently, an ether–amine co-solvent electrolyte was reported to significantly reduce the volume change of graphite during discharge compared with the pure ether system (Zhang et al., 2018). However, the reported co-solvent system exhibited relatively low coulombic efficiency and poor cyclic stability, limiting its practical application. In addition, the co-intercalation redox potentials are comparatively high for anode application, i.e., 0.6–0.8 V vs. Na+/Na for SIBs (Xu et al., 2019), 0.75 V vs. Li+/Li for LIBs (Kim et al., 2017), and 0.6 V vs. Ca2+/Ca for CIBs (Park et al., 2019; Prabakar et al., 2019). These values are much higher than the 0.15 V vs. Li+/Li for the conventional intercalation reactions of a graphite anode in LIBs (Shu et al., 1993). Decreasing the co-intercalation potential to achieve high-voltage and high-energy full cells remains a challenge. Another factor that reduces the energy density of graphite-based full cells is the participation of the electrolyte in the active co-intercalation reactions. Using graphite//Na1.5VPO4.8F0.7 in 2 M DME NaPF6 electrolyte as an example, the practical energy density is estimated to be only 23.8 Wh kg−1 based on the amount of electrolyte used in the co-intercalation reaction (Xu et al., 2019). This value is far from the theoretical value of 149 Wh kg−1 based on the total mass of the electrodes. To approach the high theoretical energy densities, more efforts are needed to decrease the electrolyte/electrode ratio. In addition to the above practical concerns, there are many issues related to the fundamentals of co-intercalation reactions. For example, only linear ether-based electrolytes have been confirmed to be capable of Na, Li, K, and Mg co-intercalation into graphite, and the Ca co-intercalation reaction has only been reported in DMAc-based electrolyte. Yoon et al. attempted to explain the solvent-selective Na co-intercalation from the viewpoint of the chelate effect and the stability of the co-intercalant in graphite (Yoon et al., 2017). More intensive studies are needed to comprehensively explain the solvent-selective property for co-intercalation and to screen for optimal solvents with universal co-intercalation capability and wide potential windows. In addition, Kim et al. proposed a standard staging process for [Na–ether]+ co-intercalation in graphite (Kim et al., 2015b), where [Na–ether]+ was inserted in every third layer for stage 3 GICs and every second layer for stage 2 GICs, based on in-situ synchrotron XRD results. However, the classic staging process cannot explain the phase transition from stage 3 to stage 2 Na-GICs. The Daumas–Herold staging mechanism proposed by Seidl et al. may more plausibly explain the above phase transition via continuous lattice filling with [Na–ether]+ complexes (Seidl et al., 2017). A clear understanding of the phase change and reaction kinetics for co-intercalation remains elusive.



SUMMARY AND PERSPECTIVES

Graphite can serve as a promising host to accommodate a wide range of species, including alkali and alkaline earth elements, owing to its layered structure and unique amphoteric redox character. For the past three decades, graphite has been widely used as a standard anode material in LIBs, where Li ions are reversibly inserted/extracted into/from graphite galleries, delivering a high capacity. However, until recently, Na+, Mg2+, and Ca2+ ions could not be intercalated into graphite because of the strong local interactions between graphene and Na+, Mg2+, and Ca2+. Solvent–ion co-intercalation reactions successfully overcame these challenges were beneficial to the realization of substantial achievements in non-Li-ion rechargeable batteries. Specifically, ether-solvated Na ions were inserted into graphite with remarkable cyclic stability and power capability, reversible Ca-ion insertion into graphite was possible in a room-temperature electrochemical system with the co-intercalating DMAc solvent, and Mg ions were electrochemically inserted into graphite using ether electrolytes, delivering respectable energy and power density. Although it is not trivial to clarify the conditions for co-intercalation reactions, simulation studies have indicated that a strong solvation energy of the [solvent–ion] complexes and high LUMO levels of the intercalant are prerequisites for the co-intercalation reactions. For a long cycling test of rechargeable batteries with co-intercalation reactions, the stability of the counter electrode is important, and the interpretation of the cycle stability should not be misleading. The reaction dynamics and GIC configurations vary for co-intercalation reactions in different battery systems. In fully calciated graphite, one Ca ion is coordinated with four DMAc molecules during intercalation, whereas only one ether molecule chelates with one Na ion in fully sodiated graphite. The key to understanding the above differences lies in the fundamentals related to the solvated-ion configuration, charge-transfer mechanisms, and electrolyte systems, which should be emphasized in future studies.

On the basis of the progress and potential challenges for the co-intercalation of graphite summarized in this review, we propose the following suggestions for the future development of co-intercalation graphite anodes in rechargeable batteries.


Exploration of Reliable Electrolytes

Electrolytes are the key component that can be used to enable/tune co-intercalation reactions and dramatically affect the electrochemical properties. As discussed in section Na Co-Intercalation and Li and K Co-Intercalation, ether-based electrolytes have been widely used in Li-, K-, and Na-ion co-intercalation reactions. However, compared with conventional carbonate-based electrolyte for intercalation reactions, ether-based electrolytes tend to exhibit low oxidation stability (i.e., ≈4 V for lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in DME vs. ≈5 V for LiTFSI in EC/PC) (Jiao et al., 2018) and low boiling points (i.e., 84°C for DME solvent vs. 250°C for EC/PC solvent) (Xu et al., 2018a). The former hinders the utilization of high-voltage cathodes for high-energy full batteries, and the latter leads to safety issues for practical applications. As discussed in section Multi-Valent Cation Co-Intercalation, the same problem has also been observed in DMAc-solvated-Ca co-intercalation reactions. The oxidation stability of the Ca(BH4)2 DMAc electrolyte is limited by approximately 2.9 V vs. Ca2+/Ca (Park et al., 2019), which significantly complicates the demonstration of Ca-ion full batteries with graphite anodes and transition metal oxide cathodes [i.e., 3.4 V vs. Ca2+/Ca for NaxMnFe(CN)6 (Lipson et al., 2015) and 3.5 V vs. Ca2+/Ca for CaCo2O4 (Cabello et al., 2016)]. With respect to the co-intercalation of solvated ions into graphite, the redox potentials are generally high, eventually resulting in unsatisfactory energy densities. Overall, when considering both the fundamental and practical challenges for electrolyte systems for co-intercalation reactions, the battery community can further improve the performance of batteries by investigating the components and functional mechanisms of the electrolytes.



Decrease of Swelling of Graphite

The swelling of graphite during co-intercalation reactions is far from satisfactory to meet the standards for practical rechargeable batteries. The volume expansion of commercial LIBs at the pack level should typically be no more than 5% to ensure safety and cyclic performance. In the development of new battery systems, the improvement in energy density and/or reduction in cost is derived with the assumption that external dimensional change of the anode is constrained. However, the theoretical volume expansion of fully co-intercalated graphite is close to 200% (see section Advantages and Challenges for Solvated-Ion Intercalation). Graphite electrodes were reported to periodically expand/contract by 70%−100% during cycling because of cavities in the electrodes, the gap between the electrode and separator, and the cushion from the separator, in an in-situ electrochemical dilatometry study (Goktas et al., 2018b). Decreasing the swelling of graphite electrodes during co-intercalation without limiting the capacities, cycle life, and power capability remains an open challenge. Several potential strategies are suggested: (i) tailoring the morphology of graphite anodes, i.e., using graphite foam electrodes (note that excessive porosity may decrease the volumetric energy density of batteries), (ii) rationally limiting the co-intercalation capacity, (iii) designing new electrolytes for minimum volume expansion during the co-intercalation, and (iv) devising new cell configurations that can compensate for the volume expansion of batteries.



Development of Full Batteries With Practically High Energy Densities

Among reported co-intercalation graphite anodes, full cell performance has only been reported for LIBs and SIBs, signifying the infancy stage of the study and development of full batteries. There are three critical challenges for the development of full batteries with practically high energy densities, namely, (i) the high redox potential and low specific storage capacity of graphite electrodes, (ii) the required minimum amount of electrolyte, and (iii) the unsuitable electrolytes for cathodes. During intercalation of Li ions in graphite in an EC/PC-based electrolyte, the operation potential and reversible capacity were ≈0.15 V vs. Li+/Li and 360 mAh g−1, respectively, whereas these values were ≈0.75 V vs. Li+/Li and 120 mAh g−1 for co-intercalation reactions in a DEGDME-based electrolyte, respectively (Kim et al., 2017). As a result, the energy densities of graphite//LiFePO4 full cells in the DEGDME- and EC/PC-based electrolytes were calculated to be approximately 162 and 297 Wh kg−1, respectively, based on the mass of electrode materials. A similar challenge is also faced for SIBs. The energy density of graphite//Na1.5VPO4.8F0.7 full cells in a 2 M DME-based electrolyte was determined to be approximately 112 Wh kg−1 (based on the total mass of electrode materials) (Xu et al., 2019); however, this value is lower than that of the cell of hard carbon//Na0.9[Cu0.22Fe0.3Mn0.48]O2 (210 Wh kg−1) (Mu et al., 2015). Although the long cycle life and high power capability for fast charge/discharge are appealing characteristics for co-intercalation reactions of graphite electrodes, improving the specific capacities and lowering the redox potential are important directions for future studies. As mentioned in section Solvated Alkali and Alkaline Earth Metal-Ion Intercalation in Graphite, the co-intercalation reactions involve the consumption of the electrolyte in the electrode reaction. To ensure reversible co-intercalation reactions, the inclusion of extra electrolyte is necessary in graphite-based cells, which would significantly lower the practical energy density of full batteries. For example, when the flooded amount of electrolyte (100 μl per cell) is considered, the energy density of graphite//Na1.5VPO4.8F0.7 full cells in 2 M DME-based electrolyte is only approximately 23.8 Wh kg−1 (vs. 146 Wh kg−1 based on the total mass of electrode materials and minimum amount of electrolyte) (Xu et al., 2019). To achieve high energy densities for full batteries, high-voltage cathodes must be employed. However, increasing the cut-off voltage for graphite//Na1.5VPO4.8F0.7 in DEGDME-based electrolyte was shown to be unfavorable for cyclic stability (i.e., 70% capacity retention after 200 cycles between 0.7 and 4.2 V (Kim et al., 2015a) vs. 92% capacity retention after 200 cycles between 0.7 and 3.8 V (Xu et al., 2019). In addition to the scientific challenges related to electrolyte systems, the safety, manufacturing cost, and feasibility of electrode materials should also be considered for further development of graphite anodes using the new co-intercalation reactions.

Based on abovementioned perspectives, we anticipate that novel design of graphite host materials using solvated ion intercalation chemistry will provide an unexplored pathway toward the realization of high-power and long-lasting post LIBs.
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