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ABSTRACT: C,N is an ordered two-dimensional carbon nitride with a high
density (1.7 X 10" cm™2) of 3.1 A-sized nanopores, making it promising for high-
flux gas sieving for energy-efficient He and H, purification. Herein, we discuss the
accurate calculation of potential energy surfaces for He, H,, N,, and CO, across
C,N nanopores, to characterize the gas-sieving potential of C,N. We compare the
potential energy surface derived from density-functional theory calculations using
five commonly used van der Waals (vdW) approximations. While all five
functionals point that the C,N nanopore yields He/N, and H,/N, selectivities
over 1000, adsorption energies and energy barriers vary remarkably depending on
the approximation chosen. To make progress, we compare the calculations against
the results from the adiabatic connection fluctuation dissipation theory, with
random-phase approximation, known to be accurate in capturing vdW interactions.
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The comparison indicates that the interaction energy is less accurate with vdW density functional theory. On the other hand, more
empirical corrections work reasonably well, a finding that we also confirm for another carbon nitride lattice, poly(triazine imide).
Overall, we recommend these for screening carbon nitride materials for gas separation, but also comparing functionals with higher-

order approaches when dealing with different materials.

B INTRODUCTION

Energy-efficient separation of He and H, is highly desirable for
a number of medical, scientific, and energy applications.l’2
Currently, He is recovered from various gas streams (CH,, N,,
etc.) using cryogenic distillation,” while H, is primarily
produced by steam reforming and is purified from cogenerated
CO, by using CO,-selective solvents or adsorbents.* These
separation methods rely primarily on thermal energy, which
makes them energy-intensive. As an alternative, high-perform-
ance membranes can reduce the energy footprint of these
separation processes in remarkable ways.” Therefore, screening
and identifying materials that can provide high-performance
He and H, separation has become exceedingly important.’~"

Two-dimensional materials, especially those with a porous
framework, are ideal for realizing membranes with an
extremely thin selective layer. Among these, atom-thick
materials hosting holes of the order of 3 A (when measured
with respect to the electron density) can be very attractive for
high-permeance He and H, separation. In this case, gas
transport across the selective layer is essentially given by just
one crossing through the nanopore. The transport rate is then
determined by the energy barrier at the nanopore'”'* and the
surface concentration of molecules, which, in turn, is
determined by the adsorption energy at the pore. A prominent
candidate for two-dimensional membranes is nanoporous
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single-layer graphene, where the lattice is etched to incorporate
A-scale nanopores for selective gas permeation.'”~"” Another
promising class of atom-thick materials for He and H,
separation is graphitic carbon nitrides. Several structures
from this framework have intrinsic porosity with a pore size
suitable for gas sieving. Among them, C,N'® and triazine- and
heptazine-based carbon nitride [i.e., poly(triazine imide) or
PTI'™*° and poly(heptazine) imide or PHI*' are very
interesting. All of them are atom-thick, and possess a high
pore density and ordered porosity. However, the pore size and
shape are different, C,N has a rounded pore, whereas PTI and
PHI have triangular pores.

C,N belongs to the family of graphitic carbon nitrides,'® and
hosts precisely shaped nanopores formed by the imide-linkage
of six-membered sp’-carbon rings (Figure 1a). As a result, its
lattice is highly porous (pore density = 1.7 X 10" cm™),
which makes it promising for realizing large gas permeance.

Received: April 28, 2021
Revised:  July 12, 2021
Published: August 18, 2021

https://doi.org/10.1021/acs.jpcc.1c03822
J. Phys. Chem. C 2021, 125, 18896—18904


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Tohidi+Vahdat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Campi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Colonna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Marzari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kumar+Varoon+Agrawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kumar+Varoon+Agrawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c03822&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/34?ref=pdf
https://pubs.acs.org/toc/jpccck/125/34?ref=pdf
https://pubs.acs.org/toc/jpccck/125/34?ref=pdf
https://pubs.acs.org/toc/jpccck/125/34?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Figure 1. Ordered two-dimensional nanoporous structures of (a)
C,N and (b) PTI lattices. One can fit a circle with a diameter of 3.1 A
in C,N nanopores. The PTI nanopore has the shape of an equilateral
triangule in which a circle with a diameter of 3.4 A can be fitted. The
rhombi overlayed on their structure highlight the unit-cell for each
structure.

The small electron density gap (~3.1 A) in C,N nanopores is
highly suited for selective He and H, transport. In fact, several
molecular simulation studies have indicated that only small gas
molecules (He”” and H,*”) can cross the C,N nanopore with a
low energy barrier. As a result, high He/CH, and H,/N,
selectivities can be achieved from the C,N nanopores. Using
van der Waals (vdW) density functional theory (DFT)
calculations, Zhu et al?* estimated a low energy barrier
(0.13 eV) for He and much larger energy barriers for N, (0.87
eV) and CH, (2.03 eV). This difference is large enough to
deliver an exceptionally high gas-pair selectivity. Using classical
molecular dynamics simulations, the same authors predicted a
large He permeance (107 gas permeance units or GPU; 1 GPU
=3.35x 107" mol m™* s~ Pa™") at 300 K. This permeance is
several orders of magnitude higher than those of commercial
membranes for He separation. In a separate DFT study
focusing on H, transport across C,N, Xu et al.> estimated
energy barriers of 0.18, 0.72, and 1.05 eV for H,, CO,, and
CO, respectively, indicating that C,N blocks CO, and CO
transport, and selectively permeates H,. These molecular
dynamic simulations also predicted an attractive H, permeance
of 10° GPU. Such studies underscore the high impact that C,N
nanopores can have for an efficient separation of He and H,.

We note that the vdW-DFT literature on gas transport
across C,N nanopores is not consistent. Widely different
energy barriers for CO, have been reported, from 0.66>* to
0.72” and 1.121 eV.** Additionally, widely different minimum
energy pathways have also been reported. For example, Xu et
al.”® and Zhu et al”> showed that the repulsive interaction
between CO, and the C,N monolayers is maximized when the
C atom of CO, arrives at the center of the pore. In contrast,
Deng et al.** concluded that the maximum repulsive
interaction occurs when an O atom of CO, is at the center
of the pore. These differences are significant and raise
questions on the accuracy of the vdW-DFT methods used to
calculate the gas—lattice interactions. The role of vdW
approximations in these studies is of particular interest. For
example, Xu et al.*® and Deng et al.** used vdW-DFT,* while
Zhu et al.”> used a semiempirical Grimme-D2 correction.”®
Interestingly, the Grimme approach®’ has also been used to
study the adsorption and desorption of CO, on the surface of a
C,N monolayer.”® In addition to the aforementioned studies,
vdW-DF2”” was used in the studies involving the electronic
structure calculation of C,N by Guan et al.’* and Bai et al.”'

Here, we systematically investigate the influence of five vdW
approximations [vdW-DF2, Grimme-D2, Grimme-D3, revised
version of Vydrov and van Voorhis functional (rVV10), and
Tkatchenko—Scheffler (TS)] on the interaction of gases with

the C,N lattice to predict the potential energy surface (PES) of
He, H,, CO,, and N, on a C,N nanopore. We compare these
calculations using a more accurate technique, that is, the exact
exchange (EXX) in conjugation with random-phase approx-
imation (RPA) to show that the Grimme-D2, Grimme-D3, and
TS approaches work reasonably well, whereas vdW-DF2 and
rvvl0 either overestimate or underestimate the interaction
energy. This observation is also confirmed for another
promising graphitic carbon nitride material, poly(triazine
imide) or PTL Overall, we argue that Grimme-D2, Grimme-
D3, and TS are good choices to screen carbon nitride materials
for gas separation.

B METHODS AND MODELS

The vdW-DFT calculations are performed using the Quantum
ESPRESSO.>>** For the plane wave expansion of the
wavefunctions, an energy cutoff of 60 Ry is used. A 2 X 2
supercell is used to decouple in-plane molecule—molecule
interactions. The Brillouin zone is sampled with a uniform 6 X
6 X 1 unshifted k-point grids. To prevent any interactions
among adjacent sheets, a vacuum region of 40 A is used in the
z-direction. Calculations are performed with ultrasoft pseudo-
potentials**** and a kinetic energy cutoff of 480 Ry on the
charge density. Five different dispersion corrections are used to
include the contributions of dispersion interactions: vdW-
DF2,* Grimme—DZ,26 Grimme—D3,36 rVV10,?% and TS.*
Because TS has not been implemented with ultrasoft
pseudopotentials in Quantum ESPRESSO, TS calculations
are carried out with norm-conserving pseudopotentials,40 using
an energy cutoff of 100 Ry for the wavefunctions.

We compare these vdW-DFT calculations using the
adiabatic connection fluctuation—dissipation theorem
(ACFDT) framework.*"*” We obtain total energies with
EXX/RPA, which is known to be accurate in capturing vdW
interactions, and used it to find the binding energies for
different types of molecules.”*™*® The EXX/RPA calculations
are performed using the implementation of the ACFDT
formalism in the Quantum ESPRESSO distribution.****’
Because the computational resources required for EXX/RPA-
based calculations are significantly higher than those needed
using conventional DFT, additional convergence tests are
carried out (Figure S2) to use EXX/RPA in a more efficient
manner. The PES of molecules is explored as a function of the
relaxation of molecules (Figure S2a), supercell size (Figure
S2b), the density of the k-point grids (Figure S2c), the types of
pseudopotentials (norm-conserving pseudopotential and ultra-
soft pseudopotential, Figure S2d), and the cutoff values
(Figure S2e). We show that EXX/RPA calculations on the
gas—lattice systems considered in this study can be performed
on a unit-cell using norm-conserving pseudopotential and
sampling only at the I"-point.

In this work, we use the EXX/RPA as an accurate and state-
of-the-art technique to compare with our vdW-functional
calculations. However, it is worth mentioning that the EXX/
RPA has its own limitations that have been addressed in
several ways and at different levels of sophistication. These
include semilocal and non-local corrections*®* in order to
describe short-range correlations properly, the use of improved
kernel from TDDFT such as the renormalized adiabatic-LDA
kernel>”*" or the exact-exchange kernel>”™>* to describe better
the density—density response function, or corrections based on
many-body perturbation theory such as the screened-second
order exchangess_57 or the single-excitation correction.”>’
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We also mention that all these corrective schemes have also
been applied in a range-separated framework,”" where only
the long-range behavior of the RPA (and beyond schemes) is
retained. In contrast, the short-range behavior is replaced by
the one from semilocal or hybrid functionals. It has recently
been shown that important effects beyond the dipole
approximation typical of the RPA can be included within the
many-body dispersion framework”” by accounting for the
dipole-correlated Coulomb singles,”> which turns out to be
particularly relevant in supramolecular systems and under
nanoconfinement.

B RESULTS AND DISCUSSION

Both C,N and PTI have two-dimensional hexagonal lattices.
To find the minimum energy configuration (lattice parame-
ters), we relaxed the framework of C,N and PTI using the five
vdW approximations (vdW-DF2, Grimme-D2, Grimme-D3,
TS, and rVV10) considered in this work. The relaxed lattice
parameters (Table 1) go from 8.309 to 8.331 A for C,N and

Table 1. Relaxed C,N and PTI Lattice Parameters Using the
Five vdW Approximations

vdW dispersion C,N lattice fa.rameter PTI lattice glarameter
(A

8.638 to 8.673 A for PTI, in agreement with the
literature.””**** Next, we analyze the effective pore size for
gas transport in these two lattices. The C,N nanopores are
somewhat round in shape. The effective pore size is
determined by the six N atoms (blue atoms in Figure la)
protruding in the nanopore. One can fit a circle with a
diameter of 3.1 A in this nanopore. On the other hand, the PTI
nanopore has a triangular shape (Figure 1b), where one can fit
a circle with a diameter of 3.4 A. Next, we systematically
investigate the role of the five vdW approximations in the gas—
lattice interactions.

Constrained relaxation calculations are performed to study
the interactions of He, H,, CO,, and N, with the nanoporous
lattice as a function of the distance between the molecule and
the lattice. For this, the lattice is placed in the x—y plane at z =
0, and the gas molecule is placed at a certain distance along the
z-direction. The center of mass of the molecule is fixed in the
z-direction, but the molecule is allowed to relax in the x—y
plane. In this way, the molecule has the freedom to move in x
and y directions to minimize the potential at a given distance
from the lattice. Convergence thresholds of 2 X 107 Ry and
10~* Ry/Bohr for the total energy and forces, respectively, are

correction used. An assumption of a flexible or a rigid lattice did not
vdW-DE2 8.309 8.638 significantly change the PES (Figure S1); therefore, we carried
Grimme-D2 8.318 8.642 out the simulations using the rigid lattice.
Grimme-D3 8.316 8.645 To investigate the minimum energy pathway for the gas
TS 8.317 8.647 transport through the nanopore, the interaction between the
rVV10 8331 8.673 gas molecule and the lattice is calculated as follows
Eint = Egas+lattice - Egas - Elattice (1)
He H,
0.20 |
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Figure 2. PESs of He (top left), H, (top right), N, (bottom left), and CO, (bottom right) on the C,N lattice calculated using the five vdW
approximations (vdW-DF2, Grimme-D2, Grimme-D3, rVV10, and TS) and the PBE functional.
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where Eg,q ice is the total energy of the interacting system.
Egys and Ejce are the total energy of the gas and the lattice,
respectively, when they are isolated and do not interact with
each other. Because the PES for the gases considered in this
study is simple enough (He is a single atom; H,, N, and CO,
are linear molecules), it is not required to carry out nudge
elastic band calculations, and the constrained relaxation is
sufficient.

The PES of the four gases on the C,N lattice calculated
using vdW-DF2, Grimme-D2, Grimme-D3, rVV10, and TS are
shown in Figure 2, and are compared to the PES calculated
using the Perdew—Burke—Ernzerhof (PBE) functional.
Following observations are common to all PES:

(i) All four molecules prefer to adsorb on the C,N lattice.
The center of the mass of the adsorbed species lies in the
centrosymmetric z-axis as shown in the Supporting
Information Figure S3, in all four cases. The height of
the adsorbed molecule above the pore, that is, the
adsorption height, is listed in Table S1.

(ii) For the linear molecules (H,, CO,, and N,), the most
favorable configuration in the absorbed state is
horizontal (configuration “1” in Figure 3).

I Interaction Energy

@ G UTOIWISS o

oo @ | @)
¢ GUSTOIWR° wo -uo.o‘v.——-

@D & @

Vertical distance to C;N

Figure 3. CO, configurations at three different z positions above the
C,N nanopore. In the first configuration, the CO, adsorbs
horizontally above the nanopore. As it moves closer to the nanopore,
it orients vertically (configuration “2”). Here, the O atom of the CO,
is at the center of the nanopore. In this case, the interaction energy is
governed by the repulsive interactions between O and the N atoms of
the C,N. Finally, CO, arrives at the center of the nanopore
maintaining its vertical orientation (configuration “3”), where the C
atom of CO, is at the center of the nanopore.

(iii) To fit inside the nanopore, the linear molecules prefer to
orient vertically (configurations “2” and “3” in Figure 3).
A vertical position of linear molecules inside the pore
matches common intuition because if the gases were in
the horizontal position, there would be a relatively larger
overlap between the gas and the electron cloud of the
pore edge.

(iv) The total energy of the system increases when the gases
are brought close to the nanopore from the adsorbed
state. For He, H,, and N, the interaction energy
increases monotonically as z decreases. Consequently,
their PES has only one maximum at z = 0 (at the center
of the nanopore). In contrast, the PES for CO, shows a
maximum away from the nanopore (z # 0). This
happens when the center of mass of CO, (C atom of
CO,) is at a distance of 1.1 A from the nanopore (Figure
2). This is the position when the O atom of CO, is at
the center of the nanopore (the configuration “2” in
Figure 3).

The resulting M-shaped PES of CO, is unique. Deng et al.**
also report an M-shaped PES with vdW-DF2 approximation,
but the interaction energies are approximately 2.5-fold higher
in their case. Later, by comparison with EXX/RPA
calculations, we show that the M-shaped curve and energetics
calculated in this study are indeed quite accurate. We also note
that M-shaped PES for CO, has been reported for gas
transport across a MoS, nanopore.65

Comparing several PES in Figure 2, it is evident that the PES
calculated using the PBE functional underpredicts the
attractive interactions between the molecule and the lattice
compared to all other vdW functionals. Among the PES from
the five vdW approximations, there is a significant difference in
terms of the adsorption energy (E,4, defined as the minimum
E,) and the energy barrier (E,,, defined as the difference in
E at z = 0 and z corresponding to adsorption). E,q, values for
He, H,, N,, and CO, are in the range of —0.01 to —0.03, —0.06
to —0.11, —0.10 to —0.20, and —0.16 to —0.28 eV, respectively.
E, values for He, H,, and N, are in the range of 0.10—0.19,
0.33—0.44, and 0.76—0.87 eV, respectively.

The variation in E,;, and E,, from the five vdW
approximations is expected to affect the He and H, separation
performance. To understand the influence of vdW approx-
imations on the He/N, and H,/N, selectivities, we estimate
the approximate selectivities by calculating the ratio of gas flux

He/N,
8
11 10
10 ;
10
9
5 10 o
=
+2 5
_§ 10 10
3 4
105 10
, 10° |
10 )
L . L L L L . L 10 il L L L L L L L
25 75 125 175 225 275 325 375 25 75 125 175 225 275 325 375
Temperature (°C) Temperature (°C)
= = vdW-DF2 ===+ Grimme-D3 — TS ===+ Grimme-D2 = rVV10

Figure 4. He/N, (left) and H,/N, (right) selectivities from the C,N nanopore as a function of temperature calculated with eq 3 using E,, and E_4

from the five vdW approximations.

18899

https://doi.org/10.1021/acs.jpcc.1c03822
J. Phys. Chem. C 2021, 125, 18896—18904


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03822/suppl_file/jp1c03822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03822/suppl_file/jp1c03822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03822/suppl_file/jp1c03822_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03822?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

0.20 | LR

Interaction Energy (eV)

-0.05 |

Interaction Energy (eV)

Adsorption Height (A)

—-m- vdW-DF2 k- Grimme-D3

—4— TS

-4 -2 0 2 4
Adsorption Height (A)
--@-- Grimme-D2

—*- rvVV10 X RPA

Figure S. PESs of He, H,, N,, and CO, on a C,N monolayer with different vdW approximations, vdW-DF2, Grimme-D2, Grimme-D3, rVV10, and
TS. vdW-DFT calculations are compared against the results calculated with the EXX/RPA method.

(eq 2). Briefly, the gas flux, J, through a nanopore of
commensurate size can be obtained by the transition-state
theory, which yields an Arrhenius-type relationship to the flux
(eq 2), where the pre-exponential factor, A, represents an
entropic loss of the gas upon adsorption.”® Given that (i) the
energy barrier differences between He (or H,) and N, are
quite significant in the present case, and (ii) the entropic terms
for light gases are generally within an order of magnitude,”**
we can neglect the entropic contribution to estimate the

selectivity (eq 3).

]i & Aexp(_(Eads,i + Eact,i))/RT) (2)
S eXp(_(Eads,i + Eact,i))/RT)
i/j ~

: exp(_(Eads,j + Eact,j))/RT) (3)

1 [ RT (AS)

A= — |——exp|—
L\ 2aM R (4)
where E,q; and E,4; represent E,4 for molecules i and j,

respectively. Similarly, E,.; and E,; represent E, for
molecules i and j, respectively. R is the universal gas constant
and T is the temperature. L is the half-peak width of the
probability distribution of the gas along the transport path
from the adsorbed phase to the center of the pore, AS is the
corresponding entropy change, and M is the molecular weight
of the gas. Based on this, an approximate gas-pair selectivity
within the temperature range of 25—400 °C is presented in
Figure 4. In general, all five vdW approximations predict that
C,N nanopore would yield extremely high H,/N, and He/N,
selectivities, which make C,N highly promising for these
separations. The selectivity reduces with temperature in all
cases because the sum of E 4 and E,, also known as apparent

activation energy in the experimental studies, is higher for N,
than those for He and H,, because of much higher E,, for N,.

The discrepancy between the predicted selectivities from the
five vdW approximations is quite large, differing by several
orders of magnitude (Figure 4). Having a reliable quantitative
estimation of the selectivity is especially important for H,/N,
separation at high temperature, relevant to H, production for
NH; synthesis,” where selectivities of 100 and 1000 can lead
to a large difference in membrane process design. To
understand which of these vdW approximations provide the
most accurate description of PES, we compared our
calculations using a more advanced technique, EXX/RPA,
which is known to accurately capture dispersion interactions™
(Figure S). For example, EXX/RPA calculations have shown a
good agreement with experimental data on physisorption
energies for several molecules on various surfaces.** 16377072

By comparing PES from the five vdW approximations with
the interaction energy data from EXX/RPA calculations, we
can make the following observations:

(i) vdW-DF2 correctly predicts the adsorption energy but
overpredicts the repulsive interaction energy at the
center of the pore.

(i) rVV10 overpredicts the gas—lattice attractive interac-
tions. In some cases, it also underpredicts the repulsive
interaction energy at the center of the pore.

(ili) Grimme-D2, Grimme-D3, and TS slightly underpredict
the adsorption energy but correctly predict the repulsive
interaction at the center of the pore.

The EXX/RPA calculations validate the M-shaped PES of
CO, on the C,N nanopore and confirm the argument by Deng
et al.”* We also hold the view that the maximum energy at
configuration “2” is due to the strong repulsive interactions
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Figure 6. PESs of N, (left) and CO, (right) on a PTI nanopore using the five vdW approximations and the PBE functional.
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Figure 7. PESs of N, and CO, on a PTI monolayer with five vdW approximations compared against interaction energy data from EXX/RPA

calculations.

between the O atom of CO, and the N atoms of the nanopore
when CO, enters the nanopore in the vertical orientation with
O atom arriving at the center of the pore. When the C atom of
CO, finally arrives at the center of the pore (configuration
“3”), the overall repulsive interaction reduces as a result of
additional attraction interactions between the two O atoms of
CO,, positioned at the two sides of the nanopore, and the N
atoms of the pore.

The above findings on the effect of vdW approximations on
the PES of gas molecules motivated us to extend our analysis
to PTI nanopores, another promising two-dimensional nano-
porous material for high-flux gas separation. PTI nanopores are
triangular in shape and are built from imide linkages between
six triazine units (Figure 1). Our recent simulation study has
shown that PTI nanopores can be used for sieving Kr (a kinetic
diameter of 3.60 A) from Xe (a kinetic diameter of 3.96 A)
with a large Kr/Xe separation selectivity and an attractive Kr
permeance.’® Here, we explore the PES of N, and CO, on PTI
with the same set of vdW approximations as that used for C,N.

Figure 6 compares six PES (one for each density functional)
for N, and CO, on a PTI nanopore. Again, in all cases, in
terms of the orientation of the gas molecules as a function of z,
we observe a similar behavior to the one observed in the case
of C,)N, that is, both N, and CO, prefer to adsorb in the
horizontal configuration, whereas they prefer to enter the
nanopore in the vertical configuration. Again, PBE under-
estimates the attractive interactions compared to all the other
vdW functionals. We also observe quantitatively different

interaction energies (E,4 and E,,) for the five vdW
approximations. E 4 values for N, and CO, are in the range
of —0.07 to —0.15 and —0.19 to —0.32 eV, respectively. E_
values for N, and CO, are in the range of 0.11—0.19 and 0.26—
0.31 eV, respectively. We find it interesting that E_, for CO, is
higher than that for N, given that CO, has a smaller kinetic
diameter than N, (3.30 vs 3.64 A). In the case of C,N, the E,,
value for CO, was smaller than that of N,. This unexpected
result in the case of PTI is likely rooted in the much stronger
attractive interaction (or the potential well) of CO, at the
adsorption site, which increases the energy barrier for CO, to
hop to the transition state at the center of the pore. Next, to
understand the accuracy of our calculations, we compare the
PES with the interaction energy data from the EXX/RPA
method.

Figure 7 compares the PES of N, and CO, on PTI obtained
with vdW-DFT calculations with the interaction energy data
from EXX/RPA calculations. Again, we can make a few general
observations:

(i) vdW-DF2 underestimates the gas—lattice attractive
interactions and ends up overpredicting the repulsive
interaction energy at the center of the pore by a large
margin.

(ii) rVV10 overestimates the gas—lattice attractive inter-
actions and ends up underpredicting the repulsive
interaction energy at the center of the pore by a large
margin. However, the deviation from the EXX/RPA
results is lower than that for vdW-DF2.
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(ili) Grimme-D2, Grimme-D3, and TS slightly overestimate
the attractive interactions for N, but correctly predict it
for CO,. They correctly predict the interaction at the
center of the pore for both gases.

Overall, Grimme-D2, Grimme-D3, and TS lead to more
accurate PES for PTI compared to those from vdW-DF2 and
rVV10, consistent with the observations for C,N, and
therefore, can be considered a good choice for calculating
gas—lattice interaction from a wider material database of the
carbon nitride framework.

B DISCUSSION ON THE LOWER ACCURACY OF
VDW-DF2 AND RVV10

Our investigation on two promising carbon nitride materials
for gas separation, C,N and PTI, reveals that vdW-DFT
calculations using Grimme-D2, Grimme-D3, and TS func-
tionals are fairly accurate in capturing dispersion interactions.
On the other hand, vdW-DF2 tends to underestimate the gas—
lattice attractive interaction for both carbon nitride lattices.
The same behavior is reported for carbon nanotubes when
vdW-DF2 is used.”> On the other hand, rVV10 tends to
overestimate the attractive interaction. The relatively poor
performance of rVV10 can be attributed to the negligence of
the charge screening effect, which is known to be very
important for anisotropic systems such as those considered in
our study.”*”®> Moreover, it is known that the rVV10
performance improves when it is used with more “repulsive”
semilocal functionals (those capturing the exchange repul-
sion).”* Therefore, the PBE functionals might not be the best
option to be paired with rVV10 (in this study, we used the
PBE exchange—correlation functional for the sake of
consistency).

B CONCLUSIONS

This study illustrates the importance of capturing accurate
vdW interactions for screening nanoporous materials for gas
separation. We compared PES of He, H,, N,, and CO, across
C,N for five vdW approximations (Grimme-D2, Grimme-D3,
rVV10, TS, and vdW-DF2), and showed that gas-pair
selectivity changes significantly depending on the choice of
the vdW approximation. By comparing vdW-DFT calculations
against more accurate EXX/RPA calculations, we show that
Grimme-D2, Grimme-D3, and TS are reliable choices to
investigate carbon nitride nanopores for gas separation. We
find a unique M-shaped PES for CO,, which originates from
initially repulsive to subsequently attractive interactions
between the O atom of CO, and the N atom of the nanopore
when CO, traverses the nanopore in the vertical orientation.
The gas-pair selectivity estimates based on transition-state-
theory confirm that C,N is an excellent candidate for He/N,
and H,/N, separation, with selectivity estimated over 1000
over a wide range of temperatures.

The accuracy of vdW-DF2 and rvv10 might be affected by
the anisotropic nature of the gas—lattice system. We note that
the conclusions on the accuracy of Grimme-D2, Grimme-D3,
and TS over vdW-DF2 and TS for carbon nitride frameworks
remain to be verified for materials outside the carbon nitride
family. The careful approach taken here for comparing the
vdW approximations with EXX/RPA calculations can be
applied to several other relevant materials, from nanoporous
single-layer graphene to transition metal dichalcogenides and
hexagonal boron nitride.
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