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Abstract:



Hybrid carbon–silicon, carbon–nitrogen, and carbon–boron clathrates are new classes of Type I carbon-based clathrates that have been identified by first-principles computational methods by substituting atoms on the carbon clathrate framework with Si, N, and/or B atoms. The hybrid framework is further stabilized by embedding appropriate guest atoms within the cavities of the cage structure. Series of hybrid carbon–silicon, carbon–boron, carbon–nitrogen, and carbon-silicon-nitrogen clathrates have been shown to exhibit small positive values for the energy of formation, indicating that they may be metastable compounds and amenable to fabrication. In this overview article, the energy of formation, elastic properties, and electronic properties of selected hybrid carbon-based clathrates are summarized. Theoretical calculations that explore the potential applications of hybrid carbon-based clathrates as energy storage materials, electronic materials, or hard materials are presented. The computational results identify compositions of hybrid carbon–silicon and carbon–nitrogen clathrates that may be considered as candidate materials for use as either electrode materials for Li-ion batteries or as hydrogen storage materials. Prior processing routes for fabricating selected hybrid carbon-based clathrates are highlighted and the difficulties encountered are discussed.
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1. Introduction


Type I and Type II carbon clathrates (C46 and C136), which can be considered as analogs of carbon fullerene materials, are composed with face-sharing C20, C24, and C28 cages linked through sp3-covalent bonds. Theoretical computations have shown that both Type I carbon clathrate (C46) and Type II carbon clathrate (C136) may exist as metastable phases under high pressures [1,2,3]. The cage structure of Type I carbon clathrate, C46, is shown in Figure 1. Insertion of guest atoms such as Li, Na, or Ba into the cage structures has been predicted to be feasible under high pressures. However, the energies of formation for the Type I and Type II carbon clathrates are extremely high and neither Type I nor Type II carbon clathrates have been synthesized. On the other hand, Type I and Type II silicon clathrates (Si46 and Si136), which are composed with face-sharing Si20, Si24, and Si28 cages, have been synthesized via a number of processing routes. Furthermore, various types of Type I and Type II silicon-based clathrates have also been synthesized with and without framework substitution. Substitution of the framework Si atoms with alloying elements such as Al, Cu, Ni, Ag, and among others Zn, have been reported [4]. The framework-substituted compounds are actually more stable and exhibit improved electronic, thermoelectric, and superconductive properties compared to the stoichiometric counterparts. These experimental observations suggest that it might be possible to develop a new class of hybrid carbon clathrates by substituting the carbon framework in C46 or C136 with Si, nitrogen, or boron atoms.


Figure 1. Crystal structure of Type I C46 clathrate (SG: [image: ], No. 223): (a) unit cell and (b) cage structure depicting the two building polyhedrons consisting of two nano-cages of 20 atoms (C20 cage) and 24 atoms (C24 cage). The nano-cages are formed of carbon atoms occupying the following Wyckoff positions identified with different colors: C(1) 6c (red), C(2) 16i (light blue), and C(3) 24k (dark blue). The Li guest atoms inserted inside the cages occupy the positions Li(1) 2a (light purple) and Li(2) 6d (green). (Color online: version: the different Wyckoff positions are identified with different colors.)
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The aim of this article is to review the current research on hybrid carbon-based clathrates, including the theoretical basis of the compounds and their properties, the synthesis of selected compounds, and their potential applications as energy storage materials. The current status of carbon clathrates is summarized first. The applications of first-principles methods to designing and identifying potential hybrid carbon–silicon clathrates are then highlighted. The potential applications of these hybrid carbon clathrates as energy storage materials, electronic or electrode materials, as well as hard materials, are explored and assessed. Current Li-ion batteries utilize C- or Si-based anodes. The cage structures of hybrid carbon clathrates may enable Li storage and promote the development of high capacity anodes for Li-ion battery applications. Lastly, the current status of the synthesis of selected carbon–silicon and carbon–nitrogen clathrates are reported and their challenges are discussed, followed by a summary and conclusions.




2. Carbon Clathrates


Type I carbon clathrate, C46, is comprised of a framework of C atoms forming a 3D cage structure in sp3 bonding [5]. The unit cell of C46 is depicted with the positions of the Wyckoff sites in Figure 1a, while the cage structure is shown in Figure 1b. Type I carbon clathrate, C46, consists of 46 sp3 C with a regular arrangement of two 20-atom cages and six 24-atom cages that fuse together through five-atom pentagonal rings and occasionally six-atom rings (Figure 1b). The bond angle of the five-atom pentagonal rings is 108°, while it is 109.49° for the six-atom hexagonal rings [5]. The structure is simple cubic (sc) with a lattice parameter of 6.696–6.722 Å and 46 C atoms per unit cell [1,2]. The crystal structure of C46 clathrate belongs to the space group [image: ] and space group number 223 [1,2]. Type I clathrates can be alloyed by framework substitution and guest atom insertion into the cage structure. For example, some of the framework atoms of a Type I clathrate can be substituted by atom M, while the empty space within the cage structure can serve as host sites for guest atoms A, as shown in Figure 1b. There are two small cages that can host two guest atoms at the Wyckoff 2a sites and there are six large cages that can host six atoms at the Wyckoff 6d sites without a significant effect on the unit cell volume. Type I alloyed carbon clathrates can be described by the formula: AxMyC46-y [1,3,4], where A and M represent the guest and substitution atoms and x and y represent the number of guest and substitution atoms, respectively. A representative C framework and the Li guest atoms at Wyckoff 2a and 6d sites are shown in Figure 1b. The structure of Type II carbon clathrate (C136) is comprised of four C20 cages and two C28 cages that are fused together through six-atom hexagonal rings. It has a face-centered cubic structure (fcc) and belongs to the space group Fd3m with 34 atoms per unit cell or 136 atoms per supercell. The lattice parameter of C136 is about 9.647–9.689 Å, as tabulated in Table 1 [2]. The hexagonal carbon clathrate (hcp-C40) is comprised of three C20, two C24, and two C26 cages; it belongs to the space group P6/mmm with 40 atoms per unit cell. The lattice parameters of Type I, Type II, hexagonal carbon, graphite, and diamond are compared in Table 1 [2].



Table 1. Calculated equilibrium volume (V0 in Å3/atom) and lattice parameters (a0, c0 in Å), cohesive energy (Ecoh), and energy of formation (ΔEf) for fcc-C136, sc-C46, hcp-C40, diamond, and graphite at zero pressure, compared to available experimental data for diamond graphite and calculated data for C46 and C136. Modified from Wang et al. [2].







	
Structure

	
Method

	
V0 (Å3atom)

	
a0 (Å)

	
c0 (Å)

	
Ecoh, eV/Atom

	
ΔEf, eV/Atom






	
fcc-C136

	
VASP a [2]

	
6.601

	
9.647

	

	
−7.709 [2]

	
0.074




	
DMOL b [6]

	
6.688

	
9.689

	
N.A.

	
−7.263 [6]

	
0.087




	
CPMD c [5]

	

	

	

	

	
0.07




	
sc-C46

	
VASP [2]

	
6.543

	
6.702

	
N.A.

	
−7.677 [2]

	
0.106




	
DMOL [6]

	
6.604

	
6.722

	
N.A

	
−7.235

	
0.115




	
VASP [7]

	
6.526

	
6.696

	
N.A

	

	
0.09




	
VASP [8]

	

	
6.6973

	

	

	
0.08




	
CPMD [8]

	

	
6.7138

	

	

	
0.14




	
CPMD [5]

	

	

	

	

	
0.09




	
CRYSTAL95 [9] d

	
6.259

	
6.7029

	

	

	
0.20 [3]




	
hcp-C40

	
VASP [2]

	
6.609

	
6.695

	
6.809

	
−7.656

	
0.127




	
DMOL [6]

	
6.697

	
6.725

	
6.839

	
−7.213

	
−0.013




	
Diamond

	
VASP [2]

	
5.705

	
3.574

	
N.A.

	
−7.783

	
0




	
DMOL [6]

	
5.787

	
3.591

	
−7.350

	
0




	
Expt. [10,11]

	
5.673

	
3.567

	
−7.20

	
0




	
Graphite

	
VASP [2]

	
8.878

	
2.470

	
6.721

	
−7.916

	
−0.133




	
DMOL [6]

	
8.983

	
2.479

	
6.747

	
−7.516

	
−0.166




	
Expt. [10,11]

	
8.803

	
2.662

	
6.708

	
−7.40

	
−0.20








a Vienna Ab-initio Simulation Package (VASP) code [12]; b Density Functional Calculations on Molecules (DMOL) [6]; c Car-Parrinello Molecular Dynamic (CPMD) code [13,14]; d CRYSTAL95 code [9]. Expt. denotes experimental data.








Hypothetical carbon clathrates were first investigated by Nesper et al. [5] who used density functional theory (DFT) to examine the cage-like structures that can be derived from zeolites or are related to the zeolite topology. Most of the compounds investigated by Nesper et al. exhibit higher formation energy compared to that of carbon with diamond structure, but carbon clathrate I and II exhibit only slightly higher formation energies than diamond. Benedek et al. [6] identified fcc-C34, hcp-C40, and sc-C46 as the first three periodic lattices in a series of polyhedric sp3 carbon networks that are formed under the topological restrictions of four-fold coordination comprised of only five- or six-fold rings. A theoretical study of the phase stability of carbon clathrates at high pressures revealed that fcc-C138 (Type II) and sc-C46 (Type I) are, respectively, the third and fourth most stable carbon phase after diamond and graphite [2]. A pressure-induced phase transition from graphite to fcc-C138 is predicted to occur at a pressure of around 17 GPa and about 21 GPa for C46. Additional carbon compounds at higher energy states include those of hcp-C40 and M-carbon [2]. Ker et al. [15] suggested that small atoms such as Li and Be may be intercalated into the cages of Type I carbon clathrates to enhance phase stability. First-principles computations by Bernasconi et al. [16] showed that hcp-C40 is suitable to be n doped by Li insertion and p doped by substitutional B. Theoretical computations by Rey et al. [1] showed that Li atoms can indeed be intercalated into the small cages of C46 to form Li8C46 but the energy of formation of the lithiated compound is increased compared to the unlithiated C46 [1]. These investigators also showed that the minimum energy barriers for attaining C46 and Li8C46 may be reached at a pressure close to 40 GPa, suggesting that these metastable phases may be synthesized under extreme conditions of high pressure and temperature [1]. Reported synthesis of 3D cage-like covalent crystals such as C20 [17], C36 [18], and traces of other compounds such as C60 and C70 [7,18] suggests that the high-temperature and high-pressure route might be a viable processing method. Unfortunately, no carbon clathrates have been synthesized so far. The bonding type (i.e., sp3 or sp2) of some of these carbon clusters has not been characterized or positively identified.




3. Hybrid Carbon–Silicon Clathrates


To overcome the difficulties associated with synthesizing carbon clathrates under extreme conditions, Chan et al. [8] considered the use of first-principles methods to identify appropriate small-sized atoms that could be amenable to the formation of new silicon-based clathrate compounds for energy storage and/or harvesting applications. This approach was motivated by the recognition that silicon clathrates are readily synthesized by conventional processing methods. As such, a clathrate with a hybrid carbon–silicon framework may be more amenable to conventional processing than that with a carbon framework. Thus, a series of Type I hybrid carbon–silicon compounds was designed by substituting some of the Si atoms on the Si46 framework with C atoms in order to identify the potential hybrid carbon–silicon clathrate compounds that exhibit favorable energy of formation for synthesis by conventional methods. First-principles computations were performed by Chan et al. [8] based on the Car–Parrinello molecular dynamics (CPMD) code [13,14] to investigate the effects of carbon substitution on a Si46 framework. These calculations indicate that carbon atoms can partially substitute Si atoms on the Si46 framework to form a metastable hybrid silicon–carbon clathrate, which can be represented by the chemical formula CySi46-y. Figure 2a shows a representation of the Type I CySi46-y clathrates. Furthermore, guest atoms can be inserted into the cage structure to stabilize the hybrid silicon–carbon clathrate by reducing the energy of formation, forming a class of new hybrid silicon and carbon clathrates represented as AxCySi46-y. These hybrid structures do not exist in nature and, thus, represent a novel structure of matter. Figure 2b shows a structural representation of the Type I AxCySi46-y clathrate compounds. The computed values for changes in the energy of formation per atom for selected Ba8CySi46-y, C46, C40Si6, and C23Si23 are compared with those for Si46 and Ba8Si46 in Figure 3. The minima of the energy change curves of these Ba8CySi46-y clathrate compounds are positive, indicating that these compounds are metastable.


Figure 2. Cage structure of Type I carbon–silicon clathrate, CySi46-y (a) without guest atoms and (b) with x number of guest atoms A residing within the cage. From Chan et al. [8]. Reprinted with permission from Springer.
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Figure 3. Energy change curves for selected Type I clathrate compounds of Ba8CySi46-y, C46, C40Si6, and C23Si23 compared to those of Si46 and Ba8Si46. From Chan et al. [8]. Reprinted with permission from Springer.
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The role of the guest atoms on the energy of formation (ΔEf) of hybrid carbon–silicon clathrates was examined by inserting Li, K, Na, and Ba into the cage structure as guest atoms. Figure 4 presents the energy calculations for these hybrid carbon–silicon clathrates. The results show that several hybrid carbon–silicon clathrates exhibit relatively low ΔEf values. Specifically, the energy of formation values for certain AxC6Si40 are about 0.3 eV or less. Furthermore, the lattice parameter of these Type I clathrates can be lowered by inserting appropriate guest atoms into the cage structure.


Figure 4. Computed energy change curves for various C-substituted Type I silicon clathrate frameworks with and without Li, Na, K, and Ba guest atoms. From Chan et al. [8]. Reprinted with permission from Springer.
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AxE8-xCyAlzSi46-y-z are variant compounds of the AxCySi46-y clathrates that are formed by multiple alloying schemes, including (1) inserting guest atoms (A and E) into the cage structure, and (2) substituting C and Al atoms in the framework. The substitution of Al in the framework was motivated by the successful processing of these compounds by conventional vacuum arc-melting techniques [19]. According to the first-principles computations reported by Chan et al [8], Al substitution causes the framework to expand and leads to a larger lattice parameter, while C substitution produces the opposite effect, as shown in Figure 4. The insertion of guest atoms such as Ba, K, and Li tends to improve the stability of Al- and C-substituted frameworks by reducing the energy of formation. In addition, the equilibrium lattice constant and the framework size can be decreased by inserting alkaline atoms, as shown in Figure 4, for Li8C6Al10Si30 and Ba2Li6C6Al10Si30.



The CPMD results were used to establish a correlation between the energy of formation and the lattice parameter for hybrid carbon–silicon clathrates AxCySi46-y with guest atoms A, which include alkaline metals such as Li, Na, K, and Ba. The correlation (shown in Figure 5a) indicates that the alkaline guest atoms generally lower the energy formation but increase the lattice constant of the hydride clathrates. Figure 5a depicts that all of the carbon-substituted silicon clathrates exhibit positive values of energy of formation, indicating that these clathrate compounds are metastable. Figure 5a also shows that the trend line deviates from C46. To validate the CPMD computations, the energies of formation for the same series of hydride clathrates were computed using the Vienna Ab initio Simulation Package (VASP) code [12]. These two sets of energy of formation computations for AxCySi46-y are compared in Figure 5b, which shows that, in general, there is good agreement between the CPMD and VASP computations, including the energy of formation for C46. One source of the discrepancies between VASP and CPMD computations for C40Si6 has been identified to arise from the slight differences in the relaxed atom positions. As the number of carbon atoms in the framework increases, the VASP results for the carbon-rich clathrates tend to deviate from the trend and lean toward C46. Nonetheless, a gap remains between C46 and carbon-rich clathrates such as C42Si4 and C40Si6. The finding suggests that the energy and lattice parameters of C46-xSix increase rapidly when x is in the range of 1 < x < 4. In addition, the computed value of the energy of formation is sensitive to the relaxed atom positions.


Figure 5. Energy of formation computed via CPMD and VASP for various intermetallic clathrates based on the AxCySi46-y compositions with the hybrid CySi46-y framework: (a) CPMD computations and (b) comparison of CPMD and VASP computations. From Chan et al. [8]. Reprinted with permission from Springer.
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4. Hybrid Carbon–Nitrogen and Carbon–Boron Clathrates


4.1 Hybrid Carbon–Nitrogen Clathrates


First-principles computational studies by Chan et al. [20] using the Car-Parrinello molecular dynamics (CPMD) code [13,14] indicate that hybrid carbon–nitrogen clathrates, NyC46-y, may be formed by substituting selected carbon atoms with nitrogen atoms in the C46 framework. The structure of Type I NyC46-y clathrates is presented in Figure 6a. Insertion of a guest atom A (e.g., Li) into the cage structure leads to the formation of AxNyC46-y. Figure 6b shows a structural depiction of Type I AxNyC46-y clathrate with a Li guest atom.


Figure 6. Cage structure of Type I nitrogen–carbon clathrate, NyC46-y, with and without guest atoms: (a) empty NyC46-y and (b) AxNyC46-y with x number of guest atoms A residing within the cage. From Chan et al. [20].
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According to the first-principles computations by Chan et al [20], Li insertion improves the stability of the hybrid C–N framework. Figure 7a shows that insertion of Li atoms lowers the energy formation and at the same time expands the framework to a large lattice parameter when the number of Li atoms inserted into the cage structure is increased from 2 to as high as 48. For illustration, Table 2 presents a summary of the energies of formation, together with the corresponding lattice constants, for Type I carbon-based clathrate compounds with and without Li insertion. In addition, the computed values of the energy of formation per atom for these carbon-based clathrate compounds, which include C46, NyC46-y-z, and LixNyC46-y, are presented in Figure 7b. From the results presented in Figure 7b, it is apparent that at the proper nitrogen level, nitrogen substitution can reduce the energy of formation and improve the stability of the NyC46-y framework compared to carbon clathrate (C46). Furthermore, Li insertion reduces the energy of formation of the LixNyC46-y clathrates to negative values, which indicates that these compounds are more stable than C46.


Figure 7. Comparisons of computed energy curves and energy of formation for Type I C46, NyC46-y, and AxNyC46-y with various amounts of Li guest atoms as a function of lattice parameter: (a) energy change curve and (b) energy of formation. From Chan et al. [20].
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Table 2. Summary of the computed lattice constant ao and energy of formation ΔEf for Type I carbon clathrate compounds. From Chan et al. [20].







	
Compound

	
ao, Å

	
ΔEf, eV/Atom






	
C46

	
6.6973

	
0.0815




	
C18N24

	
6.8622

	
−0.1377




	
C19N27

	
6.8148

	
0.1803




	
C20N26

	
6.8502

	
0.2144




	
C23N23

	
6.6596

	
0.3416




	
Li2C18N24

	
7.3192

	
−0.25




	
Li6C18N24

	
7.3336

	
−0.2742




	
Li8C18N23

	
7.3979

	
−0.3051




	
Li8C23N23

	
7.2716

	
−0.0578




	
Li12C18N24

	
8.1592

	
−0.5765




	
Li24C18N24

	
8.6003

	
−0.6192




	
Li48C18N28

	
9.3206

	
−0.4832











4.2. Hybrid Carbon–Boron Clathrates


Using VASP [12], Zeng et al. [21] computed the energy of formation and band gaps for five different Li-filled, B-substituted carbon clathrates including Li8C38B8 (Type I), Li6C28B6 (Type II), Li7C33B7 (Type IV), Li2C10B2 (Type VII), and Li6C28B6 (Type H) at the ground state. A range of strategies has been utilized to determine the energetics of replacing selected carbon atoms on the framework with boron substitution atoms and Li insertion in order to achieve a lower enthalpy and a more stable clathrate compound. These strategies have included crystal symmetry, charge distribution, strengthening bonding, relieving bond angle, and reducing lattice strain. Based on these strategies, a representative low-enthalpy Li-doped, B-substituted candidate for each type of the five clathrates has been identified. Several energetically competitive structures, however, exist for each clathrate type. These authors concluded that B substitution stabilizes the cage structure and substantially lowers the energy cost for inserting Li atoms into the clathrate cages to about −2eV/Li at 1 atm pressure [21]. In addition, all five carbon clathrates display a semiconducting electronic structure. Li doping of the B-substituted carbon clathrates reduced the band gaps of the carbon clathrate compounds to the range of 0.6 to 2.9 eV [21].



Zeng et al. [21] also investigated theoretically two possible competing routes for synthesizing LixCyBx: (1) formation of LiBC and (2) the introduction of C vacancies. The authors indicated that LiBC formation is thermodynamically feasible but the process may be kinetically limited due to structural differences between LiBC and LixCyBx. The C-vacancy route, on the other hand, may be a costly process for stabilizing Li insertion in comparison to B substitution of the carbon framework. Because of kinetic constraints, the authors suggested that some of the LixCyBx clathrates may exist in amorphous forms.





5. Potential Applications of Hybrid Carbon Clathrates


5.1. Hybrid Carbon–Silicon Clathrates as Hydrogen Storage Materials


In an investigation focused on identifying new Si-based clathrates that may be suitable for use as hydrogen storage materials in transportation applications, Chan et al. [22] applied the VASP code [12] to compute the binding energy of hydrogen molecules in selected Type I Si-based and hybrid carbon–silicon clathrates. Si-based intermetallic clathrates were designed in two ways: (1) with or without an alkali metal guest atom (Na, Li, or Ba) in the cage structure, and (2) substitution of the Si framework with the insertion of other atoms such as C, Al, and Cu, in order to tune the void space inside the cage structure for maximum H2 capacity and optimum binding interactions.



The DFT results of the binding energy (in eV/H2) for hydrogenation of Si46, C6Si40, Na8Al8Si38, and Li8Al8Si38 are presented in Figure 8a, which plots the binding energy versus gravimetric capacity in weight percentage. The gravimetric capacity was computed on the basis of the number of H2 molecules stored within the cage structure. The dashed lines in Figure 8a indicate the desirable binding energy range for H2 storage at ambient temperature. The results presented in Figure 8a show that the H2 binding energy for Si46 and C6Si40 increases with the number of H2 molecules stored within the cage structure. In addition, Figure 8a shows that Na8Al8Si38 and Li8Al8Si38 exhibit hydrogen binding interactions that are within the desirable range for the entire range of gravimetric capacity considered, ranging from 8 to 128 H2 molecules inserted. This finding suggests that Na8Al8Si38 and Li8Al8Si38 may possess a high capacity for physisorption of H2 with suitable binding energy values for the potential application as H2 storage materials at ambient temperature.


Figure 8. Predicted internal binding energy, lattice constant, and gravimetric capacity of Si46, C6Si40, Na8Al8Si38, and Li8Al8Si38. The range over which binding interactions of H2 is favorable for room-temperature storage is noted as dashed lines: (a) binding energy vs. gravimetric capacity and (b) lattice constant vs. gravimetric capacity. From Chan et al. [22]. The vertical green line indicates DOE’s 2020 system target, while the vertical blue line indicates the DOE ultimate fleet target for onboard storage for vehicles.
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Figure 8b presents the lattice parameters of Si46, C6Si40, Na8Al8Si38, and Li8Al8Si38 at several hydrogenation levels. From Figure 8b, it can be seen that the lattice parameters of hydrogenated Na8Al8Si38 and Li8Al8Si38 increase with increasing gravimetric capacity, while those of hydrogenated Si46 and C6Si40 do not exhibit similar increases with gravimetric capacity. For comparison purposes, Figure 8b also presents the U.S. Department of Energy’s (DOE’s) system-level storage targets for onboard storage for vehicles for 2020 and for the fleet [23]. Both gravimetric and volumetric targets are presented in Figure 8b.



Figure 9 presents the results of the lattice parameters for hydrogenated Si46, C6Si40, Na8Al8Si30, and Li8Al8Si38 as a function of volumetric capacity. From Figure 9, it appears that both the hybrid carbon and silicon clathrates (i.e., Si46, C6Si40, Na8Al8Si30, and Li8Al8Si38) might be considered as promising storage materials since their volumetric capacities are in excess of the DOE targets for future vehicles beyond 2020. Moreover, alloyed clathrates that are stabilized by Ba, Na, or Li guest atoms tend to expand more than hydrogenated Si46 and C6Si40 at the same level of volumetric capacity. This finding suggests that hybrid carbon clathrate with a large unit cell (i.e., a large lattice parameter) may be an important and desirable attribute for achieving a high volumetric capacity for hydrogen storage. A number of hybrid Type I carbon–silicon clathrates with large lattice constants have been identified (see Figure 5). Unfortunately, the hydrogen storage capabilities of these hybrid clathrates have not been evaluated or assessed. By virtue of the large lattice constants, Type II carbon-based clathrates might also have suitability for hydrogen storage; however, their hydrogen storage capacities have, so far, not been investigated.


Figure 9. Predicted volumetric capacity and lattice constant for intermetallic clathrates of Si46, C6Si40, Na8Al8Si38, and Li8Al8Si38. The vertical green line indicates DOE’s 2020 system target, while the vertical blue line indicates the DOE ultimate fleet target for onboard storage for vehicles. The red line indicates the density of liquid hydrogen. From Chan et al. [22].
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5.2. Hybrid Carbon–Silicon Clathrates as Electronic or Electrode Materials


Chan and Peng [24] employed the first-principles DFT code VASP [12] to compute the energy of formation and the optimal lattice constants of several hybrid carbon–silicon clathrates. In addition, they also computed the electronic structures including the band structure, density of states (DOS), and the spd- and site-projected partial density of states (PDOS) of the selected materials. Geometry optimization and self-consistent total energy calculations were performed using the PBE functional [25] and projector-augmented wave (PAW) [26,27] potentials along with the plane wave basis sets. Besides the PBE functional [25], the Hyed–Scuseria–Ernzerhof (HSE) screened Coulomb hybrid density functional [28] was also utilized to predict the energy band gap for Si46 in order to gain a perspective on potential underestimations in the PBE band gap results. Detailed descriptions of the computational methods and results can be found in Chan and Peng [24].



Figure 10 compares the electronic band structure of Si46, C6Si40, C12Si34, and C23Si23. The Fermi level is set at zero eV (i.e. the top edge of valence band). For Si46, a relatively large band gap is (Eg = 1.31 eV) observed between the Fermi level and the lower edge of the conduction band. The band gap is reduced to Eg = 0.44 eV in C6Si40 when six Si atoms on the framework are replaced by C atoms. Compared to Si46, the band gap is reduced to Eg = 0.63 eV when the substituted C atoms are increased to 12 in C12Si34. Further substitution of Si by C in the framework causes the energy band gap to increase to 1.2 eV, 1.67 eV, and 2.64 eV in C23Si23, C34Si12, and C40Si6, respectively. For C46, the band gap is 3.87 eV, which represents an increase of 2.56 eV compared to Si46. Thus, the hybrid carbon–silicon framework exhibits the lowest band gap when the number of substituted carbon atoms on the framework ranges from 6 to 12.


Figure 10. Electronic band structures of (a) Si46, (b) C6Si40, (c) C12Si34, (d) C23Si23, (e) C34Si12, (f) C40Si6, and (g) C46 predicted by the density functional theory (DFT). (h) The band structure of Si46 predicted using the Hyed–Scuseria–Ernzerhof (HSE) hybrid functional. The corresponding band gaps are denoted. The Fermi level (red dashed line) is referenced at the top of the valence band at zero eV. From Chan and Peng [24]. Reprinted with permission from Springer.
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The total and partial DOS of Si46, C6Si40, C23Si23, and C40Si6 are compared in Figure 11 with the Fermi level, which is shown as the red dashed line at zero eV. Figure 11a shows that the p-electrons of Si contribute to the edges of the valence and conduction bands to form the band gap in Si46. In Figure 11b, a significant contribution by the s-electrons of substituted C atoms to the bottom of the conduction band lowers the band gap of C6Si40. As the number of substituted C atoms per formula unit increases to 23, the conduction bands of C23Si23 are dominated by both the C-p electrons and Si-p electrons; as a result, the band gap is widened again, as shown in Figure 11c. A further widening of the band gap in C40Si6 is presented in Figure 11d.


Figure 11. The total and s–, p–orbital projected density of states of (a) Si46, (b) C6Si46, (c) C23Si23, and (d) C40Si6. The Fermi level (red dashed line) is referenced at the top of the valence band at zero eV. From Chan and Peng [24]. Reprinted with permission from Springer.
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The band gap of the hybrid carbon–silicon clathrates is influenced by the number of substitution C atoms on the framework, as illustrated in Figure 12. Substitution of Si atoms on the Si46 framework by C atoms progressively reduces the band gap due to the interaction of C valence electrons with the Si conduction band. The band gap is reduced with increasing numbers of C atoms on the hybrid Si-C framework when the number of carbon atoms is about 6 to 12. The band gap is widened again when the number of C is increased above 23. Conversely, a large band gap exists for C46 and the band gap is reduced when the C atoms on the C46 framework are substituted by Si atoms. Again, the band gap is reduced with increasing numbers of Si atoms on the hybrid Si-C framework until the number of Si atoms on the framework exceeds 40. A minimum band gap occurs when there are about 6 to 12 carbon atom occupants per formula unit on the framework and the minimum band gap appears to be about 0.44 eV. The general trend of the results indicates that the band gap of the carbon–silicon clathrate framework can be tuned by adjusting the number of carbon atoms on the framework. Furthermore, a metal conductor can be obtained by doping Li, Na, K, Mg, Ca, or Ba atoms inside the cage structure of the framework. The wide band gap and tunability make carbon clathrates potential materials for electronic applications.


Figure 12. Computed band gap of CySi46-y as a function of the number of C atoms on the hybrid carbon–silicon framework. The band gap is at a minimum at about C = 6. The dashed line indicates the absence of a band gap and a metal-like conductor at zero band gap. From Chan and Peng [24]. Reprinted with permission from Springer.
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The hybrid carbon–silicon clathrates may also be considered as potential electrode materials for Li-ion batteries. The electronic structure calculations indicate that the empty CySi46-y clathrate exhibits a small band gap (0.44 to 0.63 eV) when y, the number of substituted carbon atoms, is in the range of 6 to 12. With this composition range, a small band gap may be induced to provide sufficient electronic conductivity for insertion of lithium ions into the cage structure to proceed when CySi46-y clathrate is used as an anode. Once Li ions are inserted, the electronic conductivity of LixCySi46-y is likely to increase with an increasing number of Li ions inserted; subsequently, the lithiated CySi46-y clathrate may become a metal-like conductor when 8 or more Li ions are inserted [24]. Recent work by Li et al. [29] and Chan et al. [30,31] have shown that lithiation of BaxAlySi46-y and empty Si46 clathrates are feasible even in the presence of Ba atoms occupying some of the sites within the cage structure of BaxAlySi46-y. Thus, it is possible that some of the CySi46-y clathrates doped with the alkaline metals (Na, K) or alkaline earth metals (Ba, Ca, Mg) may be lithiated and serve as potential electrode materials for Li-ion batteries. There are more empty spaces within the cage structure of CySi46-y compared to those in graphite or carbon-based nanomaterials [32]. On this basis, CySi46-y anodes may accommodate more Li storage capacity than conventional graphite anodes or carbon-based nanomaterials [32]. In conventional Si anodes, Li storage is accompanied by the formation of various LiSx silicides. The reaction of Li with CySi46-y anodes to form various forms of LiCx or LiSix compounds [32,33] may provide additional Li storage mechanisms but it would likely destroy the clathrate structure and limit the overall capacity or mechanical performance.




5.3. Hybrid Carbon–Nitrogen Clathrates as Hard Materials


To explore the potential of NyC46-y as hard materials, the bulk modulus of the various intermetallic clathrate compounds was computed by Chan et al. [20] using the first-principles approach according to the expression given by [34]:
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(1)




in which ΔE/V—the energy change normalized by the unit cell volume—is related to the bulk modulus (B) and the principal strains (δ) applied to the unit cell. To obtain the bulk modulus, ΔE/V values were computed and plotted as a function of the principal strain δ. The ΔE/V data were fitted to Equation (1) and the bulk modulus B was obtained from the regression coefficient. The computed bulk moduli for individual carbon-based clathrate compounds are presented in Table 3. For comparison, Table 3 also presents the experimental values of the bulk modulus for C (diamond), carbon nitrides (α-C3N4 and β-C3N4), cubic silicon nitride (c-Si3N4), and silicon carbide (SiC) obtained from the literature [1,2,3,35,36,37,38,39]. From Table 3, it can be seen that the bulk modulus of Type I hybrid C–N, N–Si, and C–Si clathrates can range from 63 GPa to as high as 400 GPa. For example, the bulk modulus of carbon clathrates such as C18N24, C23N23, and C46 are in the range of 245 GPa to 374 GPa. Though not as high as those of diamond C or β-C3N4, the modulus values of the carbon-based clathrates are comparable to silicon nitride (c-Si3N4) and carbon nitride (SiC). By virtue of a relatively high bulk modulus, carbon clathrates may potentially be used in applications that require hard materials.



Table 3. Computed values of the bulk modulus of selected Type I clathrates compared to theoretical and experimental values of the bulk modulus of diamond, carbon nitride, silicon nitride, and silicon carbide from the literature. Experimental values are indicated by an asterisk (*). From Chan et al. [20].







	
Compound

	
Structure

	
B, GPa






	
C46

	
Type I Clathrate (Simple cubic)

	
373.7




	
371 [1]




	
363.7 [2]




	
409 [3]




	
C18N24

	
Type I Clathrate

	
257.35




	
C23N23

	
Type I Clathrate

	
311.6




	
Li8C23N23

	
Type I Clathrate

	
245.18




	
Si23C23

	
Type I Clathrate

	
124.03




	
Si6C40

	
Type I Clathrate

	
196.8




	
Si18N24

	
Type I Clathrate

	
96.08




	
Si23N23

	
Type I Clathrate

	
114.13




	
C6Si40

	
Type I Clathrate

	
62.9




	
C (Diamond)

	
Diamond cubic

	
438.8 [35]




	
442 * [36]




	
α-C3N4

	
Hexagonal

	
378.7 [35]




	
β-C3N4

	
Cubic spinel

	
419.1 [36]




	
c-Si3N4

	
Cubic spinel

	
300 [37]




	
300 * [38]




	
SiC

	
Cubic (Zinc blend)

	
225 * [39]












6. Synthesis of Hybrid Carbon Clathrates


6.1. Hybrid Carbon–Silicon Clathrates


The synthesis of six candidate carbon–silicon clathrate compounds was attempted by Chan et al. [8]. Table 4 summarizes the target compounds and the materials produced that were selected for synthesis by a vacuum arc-melting method. In particular, all six compositions were packaged and shipped to Sophisticated Alloys, Inc. (Butler, PA, USA) where vacuum arc-melting (VAM) of the candidate alloys was performed. A vacuum arc-melter is comprised of an electrode and a crucible containing the materials to be melted in a metal vessel that is brought to a vacuum of <0.1 Pa. The equipment used for the VAM process is available on the website of Sophisticated Alloys [40]. To fabricate the clathrate compounds, the arc-melting process was conducted in an argon atmosphere under a sub-atmospheric pressure. As indicated in Table 4, only some of the predicted Type I clathrates (which include Ba8C6Si40, Ba8C20Si26, and Ba8C23Si23) have been confirmed by successful synthesis. However, the arc-melted products have been found to be impure and co-mingled with the starting materials [8]. Thus, further efforts are needed to improve both the yield and the purity of the arc-melted products. Despite the low yields (16% to 39%), the successful synthesis of Ba8C6Si40, Ba8C20Si26, and Ba8C23Si23 represents a significant accomplishment since these compounds were synthesized for the first time. The success in synthesizing Ba8C6Si40, Ba8C20Si26, and Ba8C23Si23 by arc-melting may be attributed to the use of SiC in the starting admixture [8].



Table 4. Summary of targeted compounds and actual compounds produced by arc-melting. From Chan et al. [8]. Reprinted with permission from Springer.







	
Composition

	
Target Compound

	
Actual Compound Produced

	
Type I Clathrate

	
Yield, %






	
1

	
Na2Li6Al10C6Si30

	
None (all sublimed except Si)

	
No

	
0




	
2

	
Li8Al10C6Si30

	
Si, SiC, and AlLiSi

	
No

	
0




	
3

	
Ba8C6Si40

	
BaSi2, Si, and graphite

	
No

	
0




	
4

	
Ba8C20Si26

	
Ba, SiC, BaSi2, Si, and Ba8C20Si26

	
Yes (Ba8C20Si26)

	
39




	
5

	
Ba8C6Si40

	
Ba, SiC, BaSi2, Si, and Ba8C6Si40

	
Yes (Ba8C6Si40)

	
26




	
6

	
Ba8C23Si23

	
Ba, SiC, BaSi2, Si, and Ba8C23Si23

	
Yes (Ba8C23Si23)

	
16











6.2. Hybrid Carbon–Nitrogen Clathrates


Vacuum arc-melting was employed to synthesize Mg8C18N24 and Ba8C18N24. The starting material was an admixture of graphitic carbon nitride (g-C3N4+yHy) and appropriate metal powders [20]. Arc-melting of Mg8C18N24 was unsuccessful, while arc-melting synthesis of Ba8C18N24 was partially successful. Powder X-ray diffraction (PXRD) measurements of the arc-melted Mg8C18N24 powders has established that all of the peaks in the PXRD pattern can be attributed to those of the graphitic carbon nitride, MgO, and MgCN2, as shown in Table 5, and no peaks can be attributed to Type I carbon clathrates [20]. In contrast, small amounts of Ba8C18N24 were successfully synthesized by arc-melting appropriate amounts of Ba mixed with graphitic carbon nitride (g-C3N4+xHy) [20]. PXRD measurements indicated a mixture of Ba8C18N24, Ba, and g-C3N4 in the arc-melted product. However, the yield and purity are low and further improvements are needed to increase the yield and purity.



Table 5. Summary of targeted compounds and actual compounds produced by arc-melting From Chan et al. [20].







	
Composition

	
Target Compound

	
Actual Compound Produced

	
Type I Clathrate






	
1

	
Mg8N18C28

	
MgO, g-C2N4, and MgCN2

	
No




	
2

	
Ba8N18C24

	
Ba, g-C3N4, and Ba8C18N24

	
Yes (Ba8C18N24)












7. Summary


This overview summarizes the current status of hybrid carbon–silicon, carbon–nitrogen, and carbon–boron clathrates, which are new classes of Type I carbon-based clathrates that have been identified by first-principles computational methods. These theoretical materials have been designed by substituting atoms on the carbon clathrate framework with Si, N, and/or B atoms. Stability of the hybrid framework may be stabilized by inserting alkaline metal guest atoms within the cavities of the cage structure. A series of hybrid carbon–silicon, carbon–nitrogen, carbon–boron, and carbon–silicon–nitrogen clathrates has been shown to exhibit small positive values for the energy of formation, indicating that they are metastable compounds and may be amenable to fabrication. Theoretical calculations that explore the potential applications of hybrid carbon-based clathrates such as energy storage materials, electronic or electrode materials, as well as hard materials, are presented. The computational results identify compositions of hybrid carbon–silicon, carbon–nitrogen, and carbon–boron clathrates that may be considered as candidate materials for use as electronic materials, hard materials, and electrode materials for Li-ion batteries or as hydrogen storage materials. Fabricating selected hybrid carbon–silicon and carbon–nitrogen clathrates by industrial arc-melting techniques have not always been successful. The major limitations of the current processing techniques are the purity and yield of the products when the candidate materials are successfully synthesized.



One of the current challenges of hybrid carbon clathrates is the development of robust processing methods for synthesizing carbon–silicon, carbon–nitrogen, and carbon–boron clathrates. So far, only an industrial arc-melting method has been attempted to fabricate small quantities of low-purity Ba-containing hybrid carbon–silicon and carbon–nitrogen clathrates. Future development should expand the processing routes beyond arc-melting. Solution processing methods based on Hofmann-type elimination-oxidation schemes such as those described by Chan et al. [30] and Guloy et al. [41] may be desirable since they can be scaled up to produce larger quantities of clathrate materials. However, it is uncertain whether hybrid carbon–silicon, carbon–nitrogen, or carbon–boron clathrates can be produced by solution synthesis methods. Once they are synthesized, the impure hybrid clathrates need to be purified. Development of robust purification routes is another challenge that needs to be overcome in order to advance the field of hybrid carbon-based clathrates.
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