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Abstract—Results of ab initio molecular-dynamic investigation of the electronic and thermophysical proper-
ties of methane hydrate with cubic structure sI are represented. The simulation results for specific heat at con-
stant volume and density are in good agreement with experimental data. The temperature dependences of the
electronic properties of methane hydrate (including Fermi energy level and width and edges of the band gap)
are determined based on analysis of the density of electronic states. For an empty hydrate framework (aque-
ous clathrate framework), the spectra of electron energy E(k) along the M–X, X–Γ, Γ–M, and Γ–R direc-
tions are calculated. It is established that the presence of CH4 molecules in the aqueous clathrate increases
the hydrate Fermi energy from 2.4 to 3.0 eV.
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1. INTRODUCTION

Natural hydrates are a form of existence of gas in
Earth interior and promising sources of hydrocarbon
gas [1]. Hydrates of natural gases (or gas hydrates) are
nonstoichiometric compounds, in which incorporated
gas molecules (guest molecules) are enclosed in cavi-
ties of a three-dimensional lattice of water molecules
(host framework). The stability of aqueous clathrate
frameworks (which are thermodynamically less stable
than ice or liquid water under the same conditions) is
provided by van der Waals guest–host interactions [1–
8]. For example, stabilization of the gas-hydrate struc-
ture is due to repulsion of the water framework from
inner gas molecules. In [9], the structural stability and
electronic properties of different gas hydrates (CO2,
CO, CH4, and H2) were thoroughly investigated using
quantum-mechanical simulation within the general-
ized gradient approximation. It was shown that filling
of an aqueous clathrate framework with a gas (CO2,
CO, CH4, or H2) increases the stability of the hydrate
structure. It was established that carbon dioxide
hydrate is most stable in comparison with the other gas
hydrates (its binding energy was –2.36 eV). Hydrogen
hydrate was least stable (binding energy –0.36 eV).
The methane hydrate (binding energy was –0.58 eV).

The structure types of most popular gas hydrates
are cubic structures I and II and hexagonal structure
III (denoted as sI, sII, and sIII, respectively) [2].
Methane hydrate is mainly crystallized into the cubic

structure (known as type sI), in which both large water
clusters (with a diameter of 5.86 Å) and small water
clusters (with a diameter of ~5.10 Å) can capture a
methane molecule, the diameter of which is ~4.36 Å
[10, 11]. This system is generally formed when meth-
ane and water are brought into contact at room tem-
perature (i.e., T ~ 300 K) and a moderate pressure (p
≥ 0.6 MPa) [12]. Currently, structural features and
thermophysical properties of gas hydrates are of great
interest for researchers because of the following fac-
tors. First, natural-gas hydrates can be used as a new
source of hydrocarbon fuel. According to estimates,
reserves of gas in hydrates are ~2 × 1016 m3, which sev-
eral orders of magnitude higher than reserves of con-
ventional natural gas [1, 2]. Second, the problem of
hydrate-formation in wellbores and gas pipelines is
very urgent in gas industry.

The purpose of this study was to perform ab initio
investigation of the electronic and thermophysical
properties of gas hydrates with characteristic cubic
structure sI.

2. DETAILS OF CALCULATIONS
Large-scale ab initio molecular-dynamic studies of

methane hydrate with cubic structure sI were carried
out in the VASP software package [13, 14]. The crystal
structure of clathrate hydrate sI was generated based
on X-ray diffraction data obtained by Stackelberg and
Müeller [15] and Pauling and Marsh [16] and the algo-
372
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Fig. 1. Methane hydrate cell with structure sI in three projections: carbon, oxygen, and hydrogen atoms are shown red, blue, and
green, respectively. Colored in the online version.
rithm of optimization of hydrogen atomic positions
using the Bernal–Fowler rules, taking into account
zero total dipole moment. Methane hydrate is formed
via incorporation of CH4 molecules into free cavities
of the aqueous clathrate framework. The simulated
system was 12 × 12 × 12 Å in size and included eight
methane molecules (it consisted of 178 hydrogen, car-
bon, and oxygen ions). Figure 1 shows a methane
hydrate cell with structure sI in three projections. The
simulation was performed in an isothermal–isochoric
NVT ensemble for the temperature range T = [200;
300] K with temperature step ΔT = 20 K. The thermo-
dynamic equilibrium state was established using the
Nose–Hoover thermostat. To avoid undesirable sur-
face phenomena and the finite-dimensional system
effect, periodic boundary conditions were imposed on
the simulation cell in all directions. The basis set con-
sisted of plane waves; the electron–ion interaction was
PHYSICS OF THE SOLID STATE  Vol. 63  No. 2  2021

Fig. 2. Density of electronic states and energy bands for
methane hydrate with cubic structure sI at T = 200 K. Col-
ored in the online version.
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performed using ultrasoft smoothed pseudopotentials;
and the exchange-correlation energy was calculated
within the generalized gradient approximation [13,
14].

3. RESULTS AND DISCUSSION
To check the correctness of the simulation results,

we calculated the mass density of crystalline methane
hydrate. The obtained value for the system under study
was ρ = 918.4 kg/m3, which is in good agreement with
the experimental value of ρ = 910.0 kg/m3 [17]. The
temperature dependence of the total system energy
was calculated for the range T = [200; 300] K; this
dependence was found to be approximated well by the
linear dependence

(1)

The average specific heat at a constant volume was
calculated from the formula

(2)

The obtained specific heat value was Cν =
2362.5 J/(kg K), which is in good agreement with the
experimental data (Cν = 2160 ± 100 J/(kg K) [18] and
2306 J/(kg K) [19]). For the system under study, the
density of electronic states N(E) was calculated at tem-
peratures from the range T = [200; 300] K with step
ΔT = 20 K. The density of electronic states and energy
bands for the gas hydrate with cubic structure sI at T =
200 K are presented in Fig. 2. The calculated depen-
dences N(E) are in good qualitative agreement with
the results of quantum-mechanical calculations for
different gas hydrates (CO2, CO, CH4, and H2)1 [9].
To determine the band gap edges, we performed the
procedure of fitting spectral line shapes by Gaussian

1 In [9], the Fermi level is shifted to the left along the horizontal
axis, i.e., EF = 0 eV.
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Fig. 3. Density of electronic states and electron energy spectrum E(k) along the directions: (a) M–X, (b) X–Γ, (c) Γ–M, and (d)

Γ–R. The abscissa axis for the dependence E(k) is normalized to quantity a–1, where a is the lattice parameter (a = 12 Å). Colored

in the online version.
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functions. Approximation of the peaks of the density
of electronic states adjacent to the band gap made it
possible to determine approximate values of the ener-
gies of the top of the valence band (EGmax) and bottom

of the conduction band (EGmin). The position of the

Fermi level was determined as

(3)

where mp and mn are the effective hole and electron

masses [20]. Due to the smallness of the addend in (3),

 += +  
 

max min
F B

3
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m

PHY
this contribution was disregarded in the calculation of
the Fermi level positions. The obtained values for the
width (ΔEG) and edges (EGmax and EGmin) of the band

gap and Fermi energy EF for methane hydrate with

cubic structure sI are listed in Table 1.

As can be seen, the Fermi level is located (with a
high accuracy) in the middle of the band gap. The
obtained values of the band gap ΔEG between the bot-

tom of the conduction band and the top of the valence
band are in good agreement with the results of quan-
tum-mechanical calculations for methane hydrate
SICS OF THE SOLID STATE  Vol. 63  No. 2  2021
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Fig. 4. (a) Energy band structure of the hydrate crystal with

cubic structure sI with empty molecular cavities. (b) Con-
duction band on an enlarged scale. Colored in the online

version.
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with cubic structure sI at three different configurations
[21] denoted as cI, cII, and cIII. The ΔEG values for

methane hydrate with configurations cI, cII, and cIII
were 5.27, 5.23, and 3.81 eV, respectively.

In addition, an increase in the energies of the top
and bottom of the band gap with an increase in tem-
perature was found for the system under study. Linear
PHYSICS OF THE SOLID STATE  Vol. 63  No. 2  2021

Table 1. Temperature dependences of width (ΔEG) and
edges (EGmax and EGmin) of the band gap and Fermi energy
EF for methane hydrate with cubic structure sI

T, K EGmax, eV EGmin, eV EF, eV ΔEG, eV

200 4.895 1.257 3.076 3.638

220 4.897 1.091 3.039 3.896

240 4.979 1.066 3.023 3.912

260 5.090 1.471 3.281 3.620

280 5.148 1.332 3.240 3.816

300 5.310 1.302 3.306 4.009
approximation of the Fermi energy values was per-
formed in the temperature range of 200–300 K. With
an increase in temperature, the bottom of the conduc-
tion band is lifted with average rate dEGmax/dT =

0.0053 eV/K. The top of the valence band is lifted with
average rate dEGmin/dT = 0.0035 eV/K. The Fermi

energy increases with rate dEF/dT = 0.0044 eV/K. The

difference in the increase rates of the edges of the band
gap leads to a change in its width. Its average expan-
sion rate was dEG/dT = 0.0018 eV/K.

For the hydrate sI framework with empty molecu-
lar cavities, the energy band structure was calculated,
which is a dependence of the electron energies on wave
vector E(k) and gives an idea of the character of
change in the electron energy during the motion along
some direction in the wave-vector space. Since the
electron energy in a crystal is a periodic function on k,
one can consider only the wave vector k from the range
–π/a < k < π/a (i.e., only the first Brillouin zone)
when studying the electron energy spectrum. The lines
connecting high-symmetry points are generally con-
sidered as preferential directions of the wave vector.
Hydrate sI is characterized by a cubic lattice, for which
the Brillouin zone has a cubic shape. Figure 3 shows
the density of electronic states and the electron energy
spectrum E(k) for the hydrate sI framework with
empty molecular cavities along the M–X, X–Γ, Γ–M,
and Γ–R directions (here, Γ, X, M, and R are the cen-
ter of the Brillouin zone, center of the face, center of
the edge, and vertex, respectively).

Figure 4 shows the energy band structure of the
hydrate crystal with cubic structure sI with empty
molecular cavities. It can be seen that electrons from
the lower energy levels (–20 to –17 eV) and valence
band (–8 to 0 eV) have (with a high accuracy) linear
dependence E(k). Spectrum E(k) in the energy range
of 5–10 eV (which corresponds to the conduction
band) has local maxima and minima at points Γ, M,
X, and R. The top and bottom of the conduction band
have maxima at point R and minima at point Γ. The
band gap in the hydrate sI crystal has width ΔEG ≈

5.0 eV. The Fermi energy is EF ≈ 2.4 eV, which is

smaller than the value for hydrate sI with inclusions in
methane molecule cavities (EF ≈ 3.0 eV).

4. CONCLUSIONS

We presented the results of large-scale ab initio
simulation of methane hydrate with cubic structure sI
for a wide temperature range. The simulation results
for the density and specific heat at a constant volume
were found to be in good agreement with the experi-
mental data [17–19]. Temperature dependences of the
electronic properties of methane hydrate (Fermi
energy and width and edges of the band gap) were
determined based on analysis of the density of elec-
tronic states. It was established that the bottom of the
conduction band and the top of the valence band are
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lifted with an increase in temperature with average
rates dEGmax/dT = 0.0053 eV/K and dEGmin/dT =

0.0035 eV/K, respectively. At the same time, the Fermi
level increase rate was dEF/dT = 0.0044 eV/K. The

electron energy spectrum E(k) was calculated along
the M–X, X–Γ, Γ–M, and Γ–R directions for a
hydrate crystal with cubic structure sI with empty
molecular cavities. It was established that the presence
of methane molecules leads to an increase in the
hydrate Fermi energy from 2.4 to 3.0 eV.
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