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It is critical to design an effective two-dimensional membrane for hydrogen purification from the mixed gas, due to
its wide range of scientific and industrial applications. In this work, we investigate the hydrogen separation performance
of P,C3 membranes by density functional theory and molecular dynamics simulations. The results show that the energy
barrier of the Hy molecule through the P,C3 film is only 0.18 eV, while the energy barriers of the CO, N, CO,, and CHy
molecules are 0.77 eV, 0.87 eV, 0.52 eV, and 1.75 eV, respectively. In addition, the P,C3 film has high H; selectivity toward
other gas molecules and high H, permeability at room temperature. Under 6% tensile strain, 82% hydrogen molecules pass
through the film with a H, permeance of 2.22 x 107 gas permeance unit (GPU), while other molecules cannot across the
membrane at all. Therefore, the P,C3 membrane is an excellent material for hydrogen purification.

Keywords: two-dimensional membrane, hydrogen separation, first-principles
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1. Introduction

It is great important to efficiently separate the light gases
(Hz, N», CO,, CO, and CH4) because most of them are fre-
quently used raw materials in energy, scientific, and chemi-
cal fields.!"?! Under ambient condition, hydrogen is a highly
flammable, colorless, transparent, odorless, tasteless, and in-
soluble gas. Conventional gas separation techniques are com-
plicated to operate and consume a lot of energy, such as cryo-
genic distillation, pressure swing adsorption polymers, zeo-

(341 Membrane separa-

lites, and metal-organic frameworks.
tion with atomic thickness has emerged, with many advan-
tages, such as suitable pore size to solve permeability and se-
lectivity, high efficiency, ease of operation, and environmen-
tal friendliness, soon it has became an ideal candidate for

[5-101 Since the suc-

gas separation and caused great interest.
cessful synthesis of graphene in 2004,!'!] porous graphene
nano-sheets have been widely reported for gas separation
due to their extraordinary thermodynamic stability and dy-

namic stability.[!1-13

I Jiang et al., using the first-principles
density functional theory (DFT) calculations, showed that the
designed sub-nanometer porous graphene sheets have high
H, transmission and high Hy/CHy4 selectivity (about 108).
Koenig used ultraviolet-induced oxidative etching to produce
micrometer-sized graphene films, which could be used as
molecular sieves.!'*] The experimental results effectively vali-
dated the theoretical prediction of porous graphene with gas
separation ability. In recent years, to enhance the perme-

ability and selectivity for H, and He purification, novel two-
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dimensional (2D) nanomaterials with various pore sizes have
been successively applied to gas separation.['%20] Still, it is
highly desired to develop new 2D membranes with inherently
ideal pore sizes for mixed gas separation.

Recently, Chen et al.”!! proposed a micrometer-sized
monolayer of phosphorus carbide P,C3z, a porous structure
containing P. The pores of this membrane are uniformly dis-
tributed, with a diameter of 5.65 A, which is much larger than
the kinetic diameter of H, molecule (2.89 A). Importantly, ab
initio molecular dynamics (AIMD) simulations showed that,
even at temperature up to 1100 K, the P,C3 sheet retains its
structural integrity and has no soft mode, indicating remark-
able thermal stability. It can be expected that the P,Cs film
could exhibit good H; separation performance.

In this work, we investigate the H, separation perfor-
mance of the P,C3 monolayer based on the DFT and AIMD
simulations. The results show that the stability of the porous
P,C3 monolayer is sufficiently high to be used as a separa-
tion membrane. The energy barrier for the considered gas
molecules passing through P,C3 membrane is clearly divided
into two camps, the barrier of H; is lower than 0.2 eV, while
the values of CO, N,, CO,, and CHy are all above 0.5 eV. To
further estimate the H, separation performance of the P,Cs
sheet, the gas selectivity and H, permeance are analyzed.

2. Calculation methods

Our calculations were carried out using the Vienna
ab initio simulation package (VASP).[*>23] The exchange—
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correlation interactions were described by a generalized
gradient approximation (GGA)>¥ with the Perdew—Burke—
Ernzerhof (PBE) functional.! A damped van der Waals cor-
rection in Grimme’s scheme (DFT + D2)[20] was included
in all the calculations. The cut-off energy for plane waves
was set at 500 eV, and the convergence criteria for force and
energy on each atom during structure relaxation were set to
0.005 eV-A~" and 1073 eV, respectively. To avoid the interac-
tion between the neighboring periodic structures, we adopted
periodic boundary conditions with a vacuum space of 20 A.
The climbing image nudged elastic band (CINEB) was used
to search the transition state (TS) when gas diffused through
the pores. The 2 x2 unit cell of P,C3 was used as the model
for CINEB calculations. The Brillouin zone was sampled with
the Monkhorst—Pack k-mesh of 5 x 5 x 1 in reciprocal space
during the geometry optimization and dynamics. MD simula-
tions were performed in the canonical ensemble (NVT) using
Nosé—Hoover thermostat to control the temperature.>’] The
condensed-phase optimized molecular potential for atomistic
simulation studies (COMPASS) force-field was used to perfor-
mance the atomic interactions. The atom-based van der Waals
interactions and Ewald electrostatic interaction were set with
a cutoff distance of 12.5 A. Every simulation ran for 5 ns with
a time step of 1.0 fs.

3. Results and discussion
3.1. The optimized geometry and cohesive energy of P,C;

The optimized geometry of P,Cj3 is shown in Fig. 1(a).
A P,C3 structure of 2 x 2 supercell is optimized by DFT cal-
culations. The diameter of the pore is 5.65 A and the C-P
bond length is 1.63 A, which are in good agreement with the
previous studies, where the diameter of the pore and the bond-
length are 5.69 A and 1.64 A, respectively.!?!! The size of the
pore is suitable for a molecule sieve, which is much larger than
that of graphene (2.46 A)!?8! and silicene (3.87 A).?°! The co-
hesive energy is calculated as

Econ = (ncEc +npEp — Eyo) / (nc + np), (D

where Ec, Ep, and Eyy are the energies of isolated C atom,
P atom, and the total energy of the P,C3; membrane, respec-
tively, nc and np are the corresponding numbers of C and
P atoms. The calculated cohesive energy of the P,C3 sheet
is 4.66 eV/atom, higher than 3.71 eV/atom of silicene, (301
and the latter has been reported to be stable enough for gas
separation. 3]

During the experimental process, strain is unavoidable.
Tensile strain would increase the pore size and reduce the co-
hesive energy. In Fig. 1(b), we show how the cohesive energy
varies with tensile strain. It is reasonable that E.y, is reduced
as the strain increases. At 10% strain, the cohesive energy is

still greater than 4.1 eV. Therefore, the P,C3 membrane should
be safely utilized for hydrogen separation.
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Fig. 1. (a) The optimized P,C3 structure of 2 x 2 supercell. Pink and
brown balls represent phosphorus and carbon atoms, respectively. (b)
The cohesive energy of P,Cj3 as a function of the tensile strain.

3.2. The energy barrier of the gas molecules

Using the CINEB method, we calculate the energy bar-
rier of the gas molecules passing through the pores, which is
defined as

Ey, = Ets — Ess, @)

where ETs and Egg are the total energies of the system when a
gas molecule is adsorbed on the P,C3 membrane at the transi-
tion states (TS) and at the most stable states (SS), respectively.
Figure 2 shows the minimum energy pathways for the consid-
ered gas molecules passing through the P,C3 sheet. Note that
the energy barrier for Hy molecule passing through the mem-
brane is only 0.18 eV, which is much lower than that for CO
(0.77 eV), N3 (0.87 eV), CO, (0.52 eV), and CH4 molecules
(1.75 eV). Obviously, using the P,C3z membrane as a molec-
ular sieve, it is easy to separate hydrogen from other gases in
one step. In addition, the CO, molecule has two saddle points,
while the other gas molecules have only one. The main rea-
son is that O—C-O (close to the pore) in the CO, molecule
is charged negatively, positively, and negatively, respectively.
When the first O atom of the CO, approaches the cavity, the
repulsive force between it and the film becomes weak as the
adsorption height decreases.
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Fig. 2. The minimum energy pathways for gas molecules passing
through P,C3 membrane.

In Table 1, we list the kinetic diameter (D) and the energy
barrier (Eyp) of the gas molecules passing through the film. The
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general trend is that as the kinetic diameter becomes larger, the
energy barrier of the molecule generally increases. The elec-
tron density isosurface of the system as molecules Hy and CHy4
pass through the membrane is shown in Fig. 3. It can be intu-
itively seen that as the dynamic diameter of the gas molecules
becomes larger, the electron density overlap between the gas
molecule and the film increases, and thus the barrier of the
molecules raises. For the H, molecule, there is no electron
overlap between it and the P,Cs film, so it can easily cross
the film with the lowest energy barrier. The electron overlap
between the film and the CH4 molecule is the largest, and the
energy barrier is also the highest.

Fig. 3. Electron density isosurfaces when (a) H, and (b) CH4 molecules
passing through P,C3 membrane. The isovalue is set to be 0.015 e/A3.

Table 1. The kinetic diameter D and the energy barrier E}, of the
molecule passing through the P,C3 membrane.

H, Co Co, N> CH,4
D/A 1.80 3.76 330 3.64 3.80
EyleV 0.18 0.77 0.52 0.87 1.75

3.3. The selectivity and permeability

With the energy barrier Ep,, we use the Arrhenius
equation?! to calculate the selectivity of H, relative to other
gas molecules, which can be given as

rH, Amn,exp(—Ewn,/RT)

S = = ) 3)
Hy/gas reas  Agas€Xp(—Egas/RT)

where A is the diffusion prefactor and is usually taken as a
constant!33! of 10'! s7!, and r is the diffusion rate of gas
molecules. As the kinetic energy becomes larger, the diffusion
rate of gas molecules increases significantly with temperature
(see Fig. 4(a)). It is worth noting that the H, molecule has
the highest diffusion rate due to its lowest energy barrier. In
addition, the selectivity of hydrogen decreases with increas-
ing temperature (see Fig. 4(b)). This is easy to understand
because the kinetic energy of the gas molecules increases ef-
fectively with temperature, thereby reducing the impact of the
energy barrier. The selectivity of Hj relative to CO,, CO, N»,
CH4 at room temperature is 3.5 x 10%, 5.5 x 10°, 2.6 x 1011,
1.6 x 10, respectively. The H; selectivity of the P,C3 film is
much higher than the standard for industrial applications. 34l
Importantly, it takes only one step to completely separate Hy
from other gases.

Permeability is another important criterion for evaluating
the H, separation performance of the P,C3 sheet. We inves-
tigate whether mixed gas molecules (composed of 72 H,, 36

CO, 36 CO,, 36 CHy, 36 N, molecules) at room temperature
can pass through the film. The permeability can be obtained
by

n

F=— 4
SxtxAp’ @)

where 7, S, and n represent the time duration, the area
(33.90 Ax33.90 A) of the P,C3 membrane, and the numbers
of gas molecules in the permeate side, respectively. And the
pressure drop Ap is set to 1 x 107 Pa when the mixed gas
molecules pass though the hole. The process can be divided
into three steps. First, the mixed gas molecules approach the
membrane under the van der Waals interaction. Part of them
then pause for a few picoseconds on the surface of P,Cs. In
the end, due to the gas pressure difference between two sides
of the membrane, some gas molecules across the P,C3 mem-
brane, reach the other side, and diffuse into the vacuum. The
configurations of the system, after running the MD simulation
at room temperatures for 5 ns, are shown in Fig. 5(a). It turns
out that only H, can penetrate the P,C3 membrane while other
gas molecules cannot at the considered temperatures. There
are 56 hydrogen molecules on the other side of the membrane
(the initial number is 72), and the passing through ratio is as
high as 78%. Particularly, the H, permeance at room tempera-
ture is calculated to be 2.01 x 107 gas permeance unit (GPU),
which is much higher than the industrially accepted standard
(20 GPU) for gas separation. 34! Therefore, we predict that the
porous P,C3 membrane should be applicable for hydrogen pu-
rification with extremely high selectivity and permeance.
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Fig. 4. (a) Diffusion rates of all the studied gas molecules (H,, CO,
CO;y, N2, CHy) and (b) H; selectivity relative to other gas molecules as
a function of temperature.

The penetration rate of hydrogen gas can be further in-
creased by increasing the size of the molecular sieve by me-
chanical strain. We consider the different tensile strains and
find that applying 6% strain to the membrane not only im-
proves the H; pass rate (the penetration of H, can reach 2.22 x
107 GPU), but also successfully prevents other molecules from
passing through. Under the 8% strain, the carbon dioxide
molecules begin to pass through the membrane (see Fig. 5(b)),
which can no longer be used to purify hydrogen. To effectively
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