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A new class of Scandium carbide 
nanosheet
Jing Wang1, tian-tian Liu1, chen-Ling Li1 & Ying Liu1,2*

A new class of two-dimensional scandium carbide nanosheet has been identified by using first-principles 
density functional theory. It has a primitive cell of Sc3c10, in which there are two pentagonal carbon 
rings surrounded by one scandium octagon. Being as the precussor of Volleyballene Sc20c60 and Scc 
nanotubes, the Sc3c10 nanosheet is exceptionally stable. By rolling up this Sc3c10 sheet, a series of 
stable ScC nanotubes have been obtained. All the nanotubes studied have been found to be metallic. 
Furthermore, the hydrogen storage capacity of the ScC nanotubes has been explored. The calculated 
results show that one unit of the (0,3) ScC nanotube can adsorb a maximum of 51 hydrogen molecules, 
reaching up to a 6.25 wt% hydrogen gravimetric density with an average binding energy of 0.23 eV/H2.

As two major types of two-dimensional (2D) materials, graphene and transition metal dichalcogenides (TMDCs), 
have been the object of intense investigations as potential materials for future nanoelectronics applications1–6. 
Developments in the field such as a field effect transistor require a moderate band gap, a reasonable carrier mobil-
ity, and excellent electrode-channel contacts2,7. As for graphene, it possesses remarkable electronic and mechan-
ical properties, but the lack of a native band gap severely limits its applications in nanotransistors8. Recent great 
effort has been directed toward opening a band gap in various graphene-based nanosystems. Nonetheless the 
devices designed all have a low “on-off ” current ratio5. For 2D TMDCs, the monolayer molybdenum disulfide 
(MoS2) does have a direct band gap (~1.8 eV3), but a carrier mobility of only about 200 cm2V−1s−1 6, which is not 
sufficiently high for many applications9.

Recently, a new kind of 2D transition metal carbides, nitrides, and carbonitrides (MXenes) and their parent 
MAX phases (M = early transition metals, A = IIIA or IVA elements, X = carbon or nitrogen) have rendered them 
promising applications, such as energy storage10,11, water purification12, electromagnetic interference shielding13, 
and sensors14. Specifically, scandium-carbon systems have been found to have numerous phases, ScC, ScC2, Sc2C3, 
Sc3C4, Sc4C3, and Sc13C10. Among them, ScC, ScC2, Sc2C3, Sc4C3, and Sc13C10 are all cubic phases15–17, while Sc3C4 
has been reported to be a tetragonal phase18. Herein, we propose a novel 2D scandium carbide, referred to below 
as Sc3C10 sheet. It possess robust stability and excellent structural and physical properties. In addition, it can be 
viewed as a precursor of Volleyballene Sc20C60

19–22, as well as the ScC nanotubes.
Over the last several years, carbon-based nanomaterials, including carbon nanotube23, graphene24, and fuller-

ene25 have been widely studied for the H2 storage applications due to their low weight and high specific surface 
area. However, the adsorption of H2 molecule is dominated by weak Van der Waals force, and only a small amount 
can be stored under ambient conditions. A possible way to enhance the interaction is by importing heteroatoms 
to synthesis novel carbon-based materials with large surface areas and pores26–29. BN nanotubes have been tested 
to be a better hydrogen storage medium than pure carbon nanotubes28,29. In this way, the hydrogen storage of this 
novel ScC nanotubes has been studied. It has been found that one unit of the (0,3) ScC nanotube can adsorb 51 
hydrogen molecules and the hydrogen gravimetric density can reach up to 6.25 wt%.

Results and Discussion
Figure 1a shows the configuration of the most stable Sc3C10 sheet obtained in the structural search. The primitive 
cell contains 3 scandium atoms and 10 carbons with the chemical formula of Sc3C10. The lattice parameters are 
a1 = a2 = 8.855 Å and α = 142°, respectively. A unit cell (b1, b2), twice the size of the primitive cell, is also given 
in Fig. 1a. In the Sc3C10 nanosheet, there is a basic structure, the Sc8C10 subunit, highlighted in the top left cor-
ner of Fig. 1a. In the Sc8C10 subunit, there are two carbon pentagons (C-pentagon) and one scandium octagon 
(Sc-octagon). It may be seen that each group of two C-pentagons is surrounded by one Sc-octagon, as the case of 
Sc20C60 Volleyballene19.
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This new scandium carbide sheet may thus be viewed as consisting of Sc8C10 subunits set in a crisscross pat-
tern. The average Sc-Sc bond length is 3.340 Å with two distinct Sc-Sc bond lengths: 3.351 Å along the horizontal 
direction (b1 in Fig. 1) and 3.328 Å for the other cases. For the C-pentagons, there are three C-C double bonds 
(1.428 Å), two C-C single bonds (1.466 Å), and one C-C bond of 1.437 Å connecting the two C-pentagons. Thus, 
the average C-C bond is 1.443 Å. For the Sc-C bond, the average value is 2.299 Å.

The stability of the Sc3C10 nanosheet was studied by analyzing the bond characteristics, and confirmed using 
ab initio molecular dynamics simulations. Figure 2 shows the deformation electron density, which reveals elec-
tron transfer from Sc atoms to carbons. Mülliken population analysis shows a charge transfer of ~0.6e for one Sc 
atom, mainly from Sc 3d state. On C atoms, it has obvious sp2-like hybridization. For Sc atoms, there are obvious 
d orbital characteristics. The Sc atom in the middle of the primitive cell bonds, through its d orbital, with the 
neighboring carbons. For the remaining two Sc atoms of the primitive cell, each Sc interacts with the two C atoms 
which are more centrally located than are the other six carbons. Close examination of the partial density of states 
(PDOS), as shown in Fig. 3, further confirms the hybrid characteristics between Sc d orbitals and C s-p orbitals. 
This is of great importance in stabilizing the planar Sc3C10 nanosheet.

Next, ab initio molecular dynamics simulations with an NVE ensemble were carried out with a time step 
of 1.0 fs. Here, a relatively large 2 × 2 supercell was used. The calculated results indicated that the Sc3C10 sheet 
retained its original topological structure and was not disrupted over a 5.0 ps dynamic simulation at a ~801 K 

Figure 1. The configuration of the Sc3C10 naosheet, (a) top view and (b) side views. The large and small balls 
represent Sc and C atoms, respectively. The blue balls at the top left corner of (a) show the basic Sc8C10 subunit. 
The directed lines (a1, a2 and b1, b2) represent the lattice vectors as described in the text.

Figure 2. The deformation electron density of the Sc3C10 nanosheet. The iso-value of is set to 0.01 e/Å3.
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effective temperature (also see Section I of the Supplementary Information). The snapshots of the geometries at 
the end of 5 ps simulations were given in Section I of the Supplementary Information. All the results indicate that 
the Sc3C10 naosheet has good thermodynamic stability. Finally, some typical variants of the Sc3C10 monolayer, 
consisting of the bilayer, trilayer, and bulk forms, were simulated at the same theoretical level and the calculated 
results were listed in Section II of the Supplementary Information.

Furthermore, the mechanical property and the electric structure have been analysed at the GGA/PBE level. It 
is found that the elastic constants of Sc3C10 sheet are 83.34, 70.27, and 23.71 N/m for C11, C22, and C12, respectively. 
According to the the equations of 2D system30, the Young’s modulus is obtained and the results are Y[10] = 75.34 
and Y[01] = 63.54 N/m. The analysis of band structure (see Fig. 3) shows a direct band gap ~0.62 eV for the Sc3C10 
nanosheet.

Just as graphene is the precursor of carbon nanotubes, a series of ScC nanotubes with different diameters and 
chiralities could be constructed based on the Sc3C10 nanosheet. We first specify how to describe these ScC nano-
tubes. Due to the low symmetry of this Sc3C10 nanosheet, it seems not appropriate to classify the ScC nanotubes 
by using the primary vectors (a1, a2) of the orthorhombic lattice. The lattice vectors of the rectangular lattice, b1 
and b2 (as shown in Fig. 1a), seem to be more appropriate and convenient for labelling ScC nanotubes with inte-
ger multiples of the rectangular lattice vectors. Here we considered two kinds of tubes: (p, 0) and (0, q), where p 
and q are integers. The pb1 and qb2 represent the vectors of a strip which will be rolled up to a nanotube.

Calculations were performed on these tubes. After geometry optimization, it was found that the (p, 0) tubes 
with p = 1, 2, 3 had all collapsed. Only the (0, q) nanotubes with q = 2, 3, 4, 5 were stable. For these (0, q) nano-
tubes, the diameters are in the range 1.83–4.53 Å, and the stabilities and electronic properties have been explored. 

Figure 3. The band structure and partial density of states of the Sc3C10 sheet.

Figure 4. The binding energy per atom of ScC nanotubes vs the diameter. The labels describe the nanotubes in 
terms of the rectangular lattice vectors of the Sc3C10 nanosheet as outlined in the text.

https://doi.org/10.1038/s41598-019-52882-3


4Scientific RepoRtS |         (2019) 9:16624  | https://doi.org/10.1038/s41598-019-52882-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 4 lists the binding energy per atom of the (0, q) nanotubes vs the diameter. It can be seen that with the 
increase of diameter the binding energy approaches the value of the corresponding Sc3C10 nanosheet. The (0, q) 
ScC nanotubes of large diameter have relatively high stability. Analysis of the electronic structures of the (0, q) 
ScC nanotubes indicates that all four (0, q) tubes rolled from the Sc3C10 nanosheet are metallic. The band struc-
tures and densities of states (DOS) of the (0, q) ScC nanotubes are shown in Fig. 5. Close examination of the band 
structures indicates that the (0, 2) nanotube is different from the other three examined. For the latter cases, all of 
the (0, 3), (0, 4), and (0, 5) nanotubes exhibit a gap slightly above the fermi level. All three band gaps are direct 
band gaps at the Г-point and the gap sizes increase as the diameter increases. The band gaps are ~0.60, 0.64, and 
0.71 eV for the (0, 3), (0, 4), and (0, 5) nanotubes, respectively. The band structure of the (0, 2) tube, on the other 
hand, shows several bands in the vicinity of the fermi level, which ensures a large carrier density. The above results 
indicate that these ScC nanotubes may have potential applications in metallic connections of electronic devices.

Then, the hydrogen adsorption of (0,3) ScC nanotube was discussed. As we known that the van der 
Waals (vdW) interactions are important for the formation and stability of molecules. The hybrid semiempir-
ical dispersion-correction approach of the Tkatchenko-Scheffler (TS) scheme31 was employed during the 
optimization.

We first considered the interaction between Sc atom and hydrogen molecules, and the Sc lying in the middle 
of the unit of the (0,3) ScC nanotube was selected. Figure 6(a,b) shows the configurations of H2 adsorption on 
the selected Sc atom, as well as the average adsorption energy of hydrogen molecule (Ea) and the average distance 
between hydrogen molecule and Sc atom (d). The first hydrogen molecule tend to the site right above the Sc atom 
and lies parallel to the axis of the tube. The adsorption energy of the first adsorbed H2 is 0.377 eV lying in the 
range 0.1–0.6 eV, which was a suggested criterion for the H2 storage medium. The distance of the hydrogen mole-
cule to Sc atom is 2.229 Å indicating a strong van der Waals interaction between hydrogen molecule and the ScC 
nanotube. When adsorbed two hydrogen molecules, the H2 molecules prefer to form a line vertical to the axis of 
the ScC nanotube. It has only a small change for the distance between hydrogen and Sc atom (2.325 and 2.406 Å). 
For the second hydrogen molecule, the adsorption energy is 0.155 eV smaller than that of the first one. When the 
third H2 were added, the energy minimization indicated that the third H2 molecule prefers to the neighbor Sc 
atoms. It may due to the limited Sc-Sc distance (3.356 Å) of the (0, 3) ScC nanotube.

Thus, we take the neighboring three Sc atoms, which lie on a line parallel to the axis of the tube, as a group 
to consider the situation of their hydrogen adsorption. It is found that the three Sc atoms can adsorb eight H2 
molecules in maximum. Besides each Sc atom can adsorb two H2, just as the case of one Sc atom, one more H2 
can adsorb by the side Sc atoms arranging along the axis of the tube, as shown in Fig. 6(c). The average distance, d, 

Figure 5. The band structures and densities of states for (0, q) nanotubes with q = 2, 3, 4, 5, as well as the 
schematics of corresponding ScC nanotubes.
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becomes large. It is 2.954 Å with the Ea equals to 0.234 eV/H2. For (0,3) ScC nanotube, a total of 51 H2 molecules 
were adsorbed onto one unit, with three H2 molecules in the middle of the tube (see Fig. 6d). Then a hydro-
gen storage capacity of 6.250 wt% is obtained for the (0,3) ScC nanotube, which is in excess of 6 wt%, the U. S. 
Department of Energy target. The average distance and the average adsorption energy are 2.814 Å and 0.230 eV/
H2, respectively.

conclusions
In conclusion, our first-principles investigations have proposed a stable Sc3C10 nanosheet using both static and 
dynamic ab initio calculations. The new scandium carbide nanosheet may be viewed as consisting of Sc8C10 units 
arranged in a crisscross pattern. Hybridization between Sc d orbitals and C s-p orbitals is essential for stabilizing 
the Sc3C10 nanosheet. Furthermore, all the stable ScC nanotubes rolled from this Sc3C10 nanosheet were found 
to be metallic within the scope of the approximations used in our research. The hydrogen storage property of 
ScC nanotube has also been explored. For one unit of (0,3) ScC nanotube, the number of adsorbed hydrogen 
molecules can reach up to 51, corresponding to a 6.25 wt% hydrogen uptake with Ec = 0.230 eV/H2. All these pre-
diction are expected to motivate experimental efforts in view of the fundamental value and potential applications 
of ScC nanostructures.

Figure 6. Optimized structure of (0,3) ScC nanotube with the adsorbed hydrogen molecules. (a,b) for the 
case of one Sc atoms, (c) for the case of the group of three Sc atoms, and (d) for the case of one unit cell. Two 
columns are viewing from different angles. Below are Ea and d.
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Methods
Our calculations were performed within the framework of spin-polarized density functional theory (DFT) 
with the generalized gradient approximation (GGA) using the exchange-correlation potential described by 
Perdue-Burke-Ernzerhof (PBE)32. As described previously33–35, the calculations were carried out with unrestricted 
symmetry using a double-numerical polarized (DNP) basis set36. For Sc atom, the DFT semi-core pseudopoten-
tials (DSPP)37 was used and for C atom all electrons were included in the calculation. All structures were fully 
relaxed, and geometric optimizations were performed with convergence thresholds of 10−5 hartree (Ha) for the 
energy, 2 × 10−3 Ha/Å for forces, and 5 × 10−3 Å for the atomic displacements. For the ScC nanotube calculations, 
the vacuum spaces between tubes were made larger than 10 Å to avoid interactions between the tubes.

Received: 13 May 2019; Accepted: 22 October 2019;
Published: xx xx xxxx

References
 1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666 (2004).
 2. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499, 419 (2013).
 3. Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS2: A New Direct Gap Semiconductor. Phys. Rev. Lett. 105, 

136805 (2010).
 4. Chhowalla, M. et al. The chemistry of two dimensional layered transition metal dichalcogenide nanosheets. Nat. Chem. 5, 263 

(2013).
 5. Liao, L. et al. High-speed graphene transistors with a self-aligned nanowire gate. Nature 467, 305 (2010).
 6. Wang, H. et al. Integrated circuits based on bilayer MoS2 transistors. Nano Lett. 12, 4674 (2012).
 7. Fivaz, R. & Mooser, E. Mobility of Charge Carriers in Semiconducting Layer Structures. Phys. Rev. 163, 743 (1967).
 8. Wu, Y. et al. High-frequency, scaled grapheme transistors on diamond-like carbon. Nature 472, 74 (2011).
 9. Fang, H. et al. Degenerate n-Doping of Few-Layer Transition Metal Dichalcogenides by Potassium. Nano Lett. 13, 1991 (2013).
 10. Lukatskaya, M. R. et al. Cation Intercalation and High Volumetric Capacitance of Two-Dimensional Titanium Carbide. Science 341, 

1502 (2013).
 11. Ghidiu, M. et al. Conductive two-dimensional titanium carbide ‘Clay’ with high volumetric capacitance. Nature 516, 78 (2014).
 12. Peng, Q. et al. Unique lead adsorption behaviour of activated hydroxyl group in two-dimensional titanium carbide. J. Am. Chem. 

Soc. 136, 4113 (2014).
 13. Shahzad, F. et al. Electromagnetic interference shielding with 2D transition metal carbides (MXenes). Science 253, 1137 (2016).
 14. Xu, B. et al. Ultrathin MXene-Micropattern-Based Field-Effect Transisitor for probing neural activity. Adv. Mater. 28, 3333 (2016).
 15. Arellano, E. A. J. et al. Formation of scandium carbides and scandium oxycarbide from the elements at high-(P,T) conditions. J. Solid 

Stat. Chem. 183, 975 (2010).
 16. Rassaerts, H., Nowotny, H., Vinek, G. & Benesovsky, F. Zum System Scandium-Kohlenstoff, 1. Mitt. Monatshefte Für Chemie 98, 460 

(1967).
 17. Krikorian, N. H., Bowman, A. L. & Krupka, M. C. Preparation and superconductivity of germanium-stabilized Sc13C10. J. Less 

Common Metals 19, 253 (1969).
 18. Pottgen, R. & Jeitschko, W. Scandium carbide, Sc3C4, a carbide with C3 units derived from propadiene. Inorg. Chem. 30, 427 (1991).
 19. Wang, J., Ma, H. M. & Liu, Y. Sc20C60: a Volleyballene. Nanoscale 8, 11441 (2016).
 20.  (a) Buckyballs play a different sport, New Scientist 225, 19 (In print); and New Scientist, News, February 25, 2015 (online); (b) Forget 

Buckyballs, Here Comes Volleyballene, MIT Technology Review, Xb, February 18, 2015; (c) Buckyball variant resembles a volleyball, 
Physics Today, News Picks of Daily Edition, February 19, 2015; (d) Volleyballene, World Wide Words 910, March 07, 2015; (e) 
Volleyballene nets a place in the buckyball family, Chemistry word, February 18 2016 (2015).

 21. Tlahuice-Flores, A. New insight into the structure of the C60Sc20 cluster. Phys. Chem. Chem. Phys. 18, 12434 (2016).
 22. Tlahuice-Flores, A. Hydrogen Storage on Volleyballene: Prediction of the Sc20C60H70 Cluster. J. Phys. Chem. C 122, 14971 (2018).
 23. Dillon, A. C. et al. Storage of hydrogen in single-walled carbon nanotubes. Nature 386, 377 (1997).
 24. Henwood, D. & Carey, J. D. Ab initio investigation of molecular hydrogen physisorption on grapheme and carbon nanotubes. Phys. 

Rev. B 75, 245413 (2007).
 25. Pupysheva, O. V., Farajian, A. A. & Yakobson, B. I. Fullerene nanocage capacity for hydrogen storage. Nano Lett. 8, 767 (2007).
 26. Chen, P., Wu, X., Lin, J. & Tan, K. L. High H2 Uptake by Alkali-Doped Carbon Nanotubes Under Ambient Pressure and Moderate 

Temperatures. Science 285, 91 (1999).
 27. Froudakis, G. E. Why Alkali-Metal-Doped Carbon Nanotubes Possess High Hydrogen Uptake. Nano Lett. 1, 531 (2001).
 28. Ma, R. et al. Hydrogen Uptake in Boron Nitride Nanotubes at Room Temperature. J. Am. Chem. Soc. 124, 7672 (2002).
 29. Mpourmpakis, G. & Froudakis, G. E. Why boron nitride nanotubes are preferable to carbon nanotubes for hydrogen storage: An ab 

initio theoretical study. Catal. Today 120, 341 (2007).
 30. Andrew, R. C., Mapasha, R. E., Ukpong, A. M. & Chetty, N. Mechanical properties of graphene and boronitrene. Phys. Rev. B 85, 

125428 (2012).
 31. Tkatchenko, A. & Scheffler, M. Accurate Molecular Van Der Waals Interactions from Ground-State Electron Density and Free-Atom 

Reference Data. Phys. Rev. Lett. 102, 073005 (2009).
 32. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).
 33. Wang, J. & Liu, Y. New Volleyballenes: Y20C60 and La20C60. Sci. Reports 6, 30875 (2016).
 34. Wang, J., Wei, Z. J., Zhao, H. Y. & Liu, Y. Hollow Li20B60 Cage: Stability and Hydrogen Storage. Sci. Reports 6, 24500 (2016).
 35. Wang, J., Zhao, H. Y. & Liu, Y. Boron-Double-Ring Sheet, Fullerene, and Nanotubes: Potential Hydrogen Storage Materials. Chem. 

Phys. Chem. 15, 3453 (2014).
 36. Delley, B. Density functional for polyatomic molecules. J. Chem. Phys. 92, 508 (1990).
 37. Delley, B. Hardness conserving semilocal pseudopotentials. Phys. Rev. B 66, 155125 (2002).

Acknowledgements
The authors thank Dr. N. E. Davison for his help with the language. This work is supported by the National 
Natural Science Foundation of China (Grant Nos 11274089 and 11304076), the Natural Science Foundation of 
Hebei Province for Distinguished Young Scholars (Grant No. A2018205174), and the Program for High-level 
Talents of Hebei Province (Grant No. A201500118). We also acknowledge partially financial support from the 973 
Project in China under Grant No. 2011CB606401.

https://doi.org/10.1038/s41598-019-52882-3


7Scientific RepoRtS |         (2019) 9:16624  | https://doi.org/10.1038/s41598-019-52882-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author contributions
Y.L. designed the initial structures and performed the theoretical calculations. J.W. and Y.L. analyzed the results 
and wrote the manuscript. T.T.L. and C.L.L. discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52882-3.
Correspondence and requests for materials should be addressed to Y.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52882-3
https://doi.org/10.1038/s41598-019-52882-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A New Class of Scandium Carbide Nanosheet
	Results and Discussion
	Conclusions
	Methods
	Acknowledgements
	Figure 1 The configuration of the Sc3C10 naosheet, (a) top view and (b) side views.
	Figure 2 The deformation electron density of the Sc3C10 nanosheet.
	Figure 3 The band structure and partial density of states of the Sc3C10 sheet.
	Figure 4 The binding energy per atom of ScC nanotubes vs the diameter.
	Figure 5 The band structures and densities of states for (0, q) nanotubes with q = 2, 3, 4, 5, as well as the schematics of corresponding ScC nanotubes.
	Figure 6 Optimized structure of (0,3) ScC nanotube with the adsorbed hydrogen molecules.




