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2D Nanoporous Graphene Membranes (NPG)
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Ideal toy systems to investigate activated gas permeation  
(inherent to other nanoporous materials)

2.6. Comparaison avec les résultats des simulations

Figure 2.4 – Ajustement du modèle de perméance aux données de simulations moléculaires pour
les pores 13 (a), 16 (b) et 24 (c). Les cercles bleus montrent les données obtenues pour le CO2 et
les losanges verts correspondent à celles du CH4. Les traits pleins de couleurs correspondantes
correspondent à l’ajustement du modèle théorique.

doute que l’hypothèse d’un PMF local de forme quadratique est moins représentative lorsque
la molécule est contrainte d’explorer plus profondément la partie répulsive du potentielle pour
traverser le pore.

Pour aller plus loin, nous avons extrapolé les prédictions du modèle théorique proposé à
la séparation de mélanges binaires. Quelle que soit la composition du mélange, le facteur de
séparation dépend directement du rapport des perméances des deux espèces. Pour évaluer la
pertinence du modèle en vue de la séparation de mélanges, il est intéressant de calculer les
rapports de perméance prédits par le modèle utilisé avec les paramètres U0, Uesc et f obtenus
à partir du PMF plutôt que ceux obtenus en ajustant le modèle aux données. La figure 2.5(c)
montre une courbe de parité pour comparer les rapports de perméance prédits par le modèle
utilisé avec les données de PMF et les données de simulation MD. Nous avons choisi les paires de
gaz CO2/CH4, O2/N2 et H2/CO2 qui sont représentatives des applications industrielles (e.g. le
reformage de l’hydrogène, le traitement du gaz naturel, l’oxy-combustion, etc.). Bien qu’impar-
fait, nous observons un bon accord entre les prédictions du modèle et les données de simulation
sur une large gamme de rapports de perméance. Ces résultats renforcent davantage notre ap-
proche et le lien que nous avons établi entre les mécanismes de perméation et les propriétés clés
du PMF que sont les paramètres U0, Uesc et f .

De plus, nous avons reporté sur la figure 2.5(c) les prédictions de la loi de Graham sur
l’e�usion, qui ne considère que le rapport inverse des racines carrées des masses. Il est intéressant
de noter que l’interaction avec la membrane peut améliorer ou détériorer la séparation prédite
par la loi de Graham. Pour illustrer la grande variabilité de la sélectivité avec la géométrie des
pores, les figures 2.5(a) et (b) détaillent les di�érentes contributions aux rapports des perméances,
telles que prévues par notre modèle théorique, pour la paire H2/CO2 et les pores 13 et 24. Ces
di�érentes contributions ont été explicitées dans les équations 2.10 à 2.15. Pour un mélange de
H2 (espèce 1) / CO2 (espèce 2), la racine carrée du rapport des masses donne Smass ¥ 4.7,
correspondant au taux de séparation de référence de la loi de Graham. Dans l’expression de
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and 24 according to the number of carbon atoms that need to
be removed to create the pore, in line with the nomenclature
proposed by Yuan et al.21 For the sake of simplicity, we have
chosen to fill vacant bonds around the pore perimeter by
adding hydrogen atoms. Then, we minimized the potential
energy of the generated graphene structure while ensuring zero
plane stress to obtain rigid reference models without initial
deformation and avoid strain build-up around the pores (more
details in the Supporting Information (SI) Section S1).
Figure 2 compares the results obtained by running

simulations on flexible and perfectly rigid versions of identical
systems (see SI Section S2). Rigid membranes are charac-
terized by immobile atoms, whereas in the case of their flexible
counterparts, only the atoms on the edges of the 5.0 × 5.0 nm2

graphene sheets are kept frozen to prevent overall drift.
Unsurprisingly, the permeance of flexible membranes is
systematically higher than that of rigid membranes (see Figure
2(a)). As highlighted in Figure 2(b), this gain in permeance
exhibits a superlinear increase with the molecule/pore size
ratio and can exceed an order of magnitude for gas species/
pores with size ratios approaching 1 (computation of the
molecule/pore size ratio explained in SI Section S1.4). For
instance, this is the case for CO2 with pore 13 or CH4 with
pore 16. As shown in the inset to Figure 2(a), it is even
possible to obtain a finite permeance value for CH4 through
the flexible version of pore 13, while the rigid version of the
latter remains largely impermeable to CH4 in our simulations.
At lower molecule/pore size ratios, the differences between
flexible and rigid membranes are less pronounced, as observed

in general with the results for pore 24, and even more so with
H2.
In the molecular sieving regime, surface diffusion and gas

effusion mechanisms are negligible so that permeance is driven
by gas-graphene interactions in the pore.3,22 The effect of
flexibility can therefore be rationalized by inspecting how it
affects the potential and entropic contributions to permeation,
interpreted as an activated process.21,23 In a previous work, we
proposed an analytical model for gas permeance through
monolayer membranes.23 This model is based on the
assumption that the free energy, U, of a gas molecule confined
in the vicinity of the center of the pore follows a quadratic
form such that
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where na is the number of rotational degrees of freedom of the
gas molecule affected by confinement in the pore, U0 is the
minimum of free energy located at (x = x0, y = y0, z = 0, θi =
θi0), f x, f y and fθ di

are the force constants of each degree of
freedom, and θi0 correspond to the local energy minima of the
rotational degrees of freedom (see Figure 1(b) for definition of
angles of rotation of a gas molecule). In the molecular sieving
regime, the permeance appears to be proportional to the
surface porosity accessible to gas molecules, ϕ. The latter

Figure 1. (a) Snapshot of one-half, along the -z direction, of the simulation box of a CO2/CH4 binary mixture diffusing through a porous graphene
sheet. -z is the direction orthogonal to the graphene plane. Gas atoms are represented by spheres (black for carbon, red for oxygen, white for
hydrogen). The graphene structure is represented by licorice. (b) Illustration of the local Cartesian frame at the center of the pore and definition of
the rotational angles of the gas molecule with the example of CO2. (c) Zoomed in view of the pore structures under investigation. The distances δ1
and δ2 are defined as the edge-to-edge distances between opposite hydrogen atoms (taking into account their Lennard-Jones diameter) along the
mean directions -x and -y respectively. For pore 13, δ2 is measured between a hydrogen atom and the center of mass of the two opposite hydrogen
atoms.
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energy of the generated graphene structure while ensuring zero
plane stress to obtain rigid reference models without initial
deformation and avoid strain build-up around the pores (more
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affects the potential and entropic contributions to permeation,
interpreted as an activated process.21,23 In a previous work, we
proposed an analytical model for gas permeance through
monolayer membranes.23 This model is based on the
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where na is the number of rotational degrees of freedom of the
gas molecule affected by confinement in the pore, U0 is the
minimum of free energy located at (x = x0, y = y0, z = 0, θi =
θi0), f x, f y and fθ di

are the force constants of each degree of
freedom, and θi0 correspond to the local energy minima of the
rotational degrees of freedom (see Figure 1(b) for definition of
angles of rotation of a gas molecule). In the molecular sieving
regime, the permeance appears to be proportional to the
surface porosity accessible to gas molecules, ϕ. The latter

Figure 1. (a) Snapshot of one-half, along the -z direction, of the simulation box of a CO2/CH4 binary mixture diffusing through a porous graphene
sheet. -z is the direction orthogonal to the graphene plane. Gas atoms are represented by spheres (black for carbon, red for oxygen, white for
hydrogen). The graphene structure is represented by licorice. (b) Illustration of the local Cartesian frame at the center of the pore and definition of
the rotational angles of the gas molecule with the example of CO2. (c) Zoomed in view of the pore structures under investigation. The distances δ1
and δ2 are defined as the edge-to-edge distances between opposite hydrogen atoms (taking into account their Lennard-Jones diameter) along the
mean directions -x and -y respectively. For pore 13, δ2 is measured between a hydrogen atom and the center of mass of the two opposite hydrogen
atoms.
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and 24 according to the number of carbon atoms that need to
be removed to create the pore, in line with the nomenclature
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adding hydrogen atoms. Then, we minimized the potential
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• Pore size ≈ molecular diameter ⇒ high selectivity

• An atom thick ⇒ low energy cost
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Promising material for separation processes

Structure vs Permeance
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Today’s question: role of membrane flexibility ?

• Question: influence of graphene flexibility ? 

• Fully rigid zero plane-stress vs Fully Flexible NPGs membrane models. 

• Equilibrium MD for CO2, CH4, O2, N2, H2 

• Molecular sieving regime  ( ) 3Å < δi < 6Å

(b)
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Guo et al., Nano Lett., 24, 12292-12298 (2024) 



Effect of graphene flexibility on permeance
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• Flexibility 
➡ increases Permeance 
➡decreases Selectivity  

• Effect enhanced for high molecule/pore size ratio (molecular sieving).
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Implications for gas separation
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• For flexible models, the divergence of selectivity is shifted to smaller pore sizes, in 
better agreement with experiments.

• Flexibility may decrease selectivity by orders of magnitude (e.g. H2/CO2).
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• Flexibility may reverse selectivity (e.g. CH4/CO2).

Exp. Data from Yuan et al., Adv. Mater., 2104308 (2021) 



Insights from an analytical permeance model
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• Flexibility increases Entropy (Mobility) suggesting an increased effective 
pore size
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Entropic Effect Activation effect

• Aside from extreme cases (e.g. CO2 - pore 13), activation energy is barely affected

T = 300K

T = 300K

Guo et al., Nano Lett., 24, 12292-12298 (2024) 

• Fitting of the model to simulation data
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Guo et al., J. Chem. Phys., 159 (8): 084701, 08 (2023) 



Effective pore size controls permeance
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• Flexible and stretched rigid membranes exhibit similar permeances.

• Vibrational details play a secondary role.

• Flexibility can largely be captured through effective pore widening.
Guo et al., Nano Lett., 24, 12292-12298 (2024) 
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Take home messages
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• Flexibility becomes critical in the molecular sieving regime 
➡ increases permeance.
➡decreases selectivity. 
➡  improves comparison with experimental data. 

• The dominant effect is entropic. Flexibility acts as an effective pore-widening 
mechanism. 

• Effective pore size may be more important than vibrational details.
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Juncheng Guo  
(now at Mines Paris, PSL University)
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Classical MD simulations

11

• MD simulations performed with LAMMPS (equilibrium MD and biased MD for PMF computations). 
• The pores are hydrogen-terminated.
• We show results for several kinds of gas molecules: CH4, CO2, H2,  N2, O2 
• Force fields: AIREBO (flexible Graphene), OPLS-AA (CH4 and Graphene-Gas interactions),   

Modified TraPPE* (CO2),  3-sites FF** (H2), 2-sites FF*** (O2, N2)

Simulation details

• 5 temperatures 300K ≤ T ≤ 700K ⇒ supercritical conditions 

• 5 densities 0.3mol/L≤ 𝛒 ≤ 2mol/L ⇒ exp. conditions (e.g. CH4 :  5 bar ≲ P ≲ 50 bar )

• Three types of pores 5.5Å ≤ pore size≤ 7.8Å ⇒ sub-nanopores  

Parameters 
*M. Perez-Blanco et al, J. Phys. Chem. B, 114, 36 (2010) 

**H. Liu et al, Solid State Commun., 175-176, 101-105 (2013) 

***M. Krishnamurthy et al, Mol. Simul., 32 (1), 11-16 (2006) 

Graphene sheetsa)

H

W
b)

5.6Å 5.5Å
7.8Å

16a13a

24a

7.8Å

c)

L L

CO2

3.30 Å

CH4

3.80 Å



Permeance Model
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Π =
S

4NA

v̄
kT

ϕ
Accessible surface porosity

j =
v̄Spore

4
Δρ , Δp = kTΔρ , ϕ =

Spore

S
Kinetic theory Ideal gas

Thermal velocity

Permeance = molar flux / pressure jump Π = ( jS)/(NAΔp)



Permeance Model
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ϕ =
na

∏
i

∫
dθi

αiπ ∫
dxdy
LxLy

e−Upmf /kT

Surface porosity:

Potential of Mean Force in the plane of the pore:

Upmf(x, y, z = 0,θi) = U0 +
fx
2

x2 +
fy
2

y2 +
na

∑
i=1

fθi

2
(θi − θi0)2

ϕ =
2π(2/π)

na
2

LxLy∏na
i=1 αi

(kT)1+ na
2

f
exp (−

U0

kT )
Adjustable parameters:    f = fx fy

na

∏
i=1

fθi
and U0

Guo et al., J. Chem. Phys., 159(8) : 084701 (2023) 



Permeance Model
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ϕ =
2π(2/π)

na
2

LxLy∏na
i=1 αi

(kT)1+ na
2

f
exp (−

U0

kT )
Adjustable parameters:    f = fx fy

na

∏
i=1

fθi
and U0

The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

et al. used a direct computation of the PMF of a single monoatomic
gas molecule to evaluate the double integral in Eq. (10) numerically,
in good agreement with simulation results.14 Working on similar
systems, Guo et al. proposed an approximation for the PMF in the
pore plane to obtain an analytical form for ϕ.20 In the following, we
discuss in detail the extension of this analytical model to the case of
small, polyatomic gas molecules.

1. Accessible porosity in the case of polyatomic
gas molecules

As discussed above, the calculation of the accessible porosity
of the membrane is based on the evaluation of the PMF between
a gas molecule and the solid atoms in the pore plane. In line with
our previous work, we make the approximation that the perme-
ating molecules explore a surface of the pore corresponding to a
local energy minimum, so that the PMF can be approximated by
a quadratic form.20 In the pore plane, the free energy of a small
polyatomic gas molecule is affected by two translational degrees of
freedom (i.e., along the x and y directions, cf. Fig. 1) and, possibly, by
na rotational degrees of freedom depending on the steric hindrance
inside the pore. For example, Fig. 4(a) shows the possible angles of
rotation, θ1 and θ2, for a linear molecule such as carbon dioxide. In
this case, na can vary between 0 and 2, depending on how free the
molecule is to rotate inside the pore. Thus, in the vicinity of the local
energy minimum in the pore plane, the PMF takes the following
form:

Upmf (x, y, θi) = U0 + fx

2
x2 + fy

2
y2 + na�

i=1

fθi

2
(θi − θi0)2, (11)

where fx, fy, and fθi are the force constants of each degree of
freedom, and θi0 corresponds to the local energy minima of the rota-
tional degrees of freedom. In the plane of the pore, while the free
energy of any gas molecule is affected by the translational degrees
of freedom, the negligible part of the rotational degrees of free-
dom depends specifically on the considered pore/molecule couple.
To illustrate this, Fig. 4 shows how na can change depending on the
pore considered for carbon dioxide. Subfigures 4(c) and 4(d) show
the Boltzmann factor associated with the rotational potential energy
of a molecule of carbon dioxide whose center of mass is held at the
center of the pore at (x, y, z) = (0, 0, 0), for pores 13 and 16, respec-
tively. For pore 13, we observe an invariance of the potential energy
as a function of angle θ2, while the dependence on angle θ1 is very
marked, with a minimum at θ1 = 0 [cf. Fig. 4(a) for the definition
of the angles]. On the other hand, the potential energy related to
rotations in pore 16 shows a clear dependence on the two angles,
with a minimum roughly localized at (θ1, θ2) = (π�3, π�2) in agree-
ment with the orientation of the Cartesian reference frame defined
in Fig. 1. These observations are corroborated by the results shown
in inset 4(b), which shows the evolution of the ensemble average,�Upmf �θi , with temperature. �Upmf �θi is obtained by holding the car-
bon dioxide molecule in (x, y, z) = (0, 0, 0) and allowing it to rotate
freely in the NVT ensemble using the same technique that led to the
data in Fig. 3. If the contribution of each degree of freedom θi to

FIG. 5. Accessible pore surface, ϕLxLy , as a function of temperature for a variety of pore sizes and gases: (a), pore 13 with CO2; (b) and (c), pores 16 and 24 with CO2 and
CH4; and (d)–(f), pores 13, 16, and 24 with O2, N2, and H2. Open symbols stand for simulation data, and solid lines with matching colors stand for the fits of Eq. (16) to the
data with U0 and f =� fx fy∏na

i=1

�
fθi

as adjustable parameters.

J. Chem. Phys. 159, 084701 (2023); doi: 10.1063/5.0161980 159, 084701-8
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FIG. 10. Comparison of the permeance ratios obtained from the model and MD simulation data.

Data points corresponds to the permeance ratios of CO2/CH4, O2/N2 and H2/CO2 gas pairs, for a

range of pores and temperatures in logarithmic scale. Model predictions were calculated with the

parameters obtained from the PMF. The inset figure zooms in the lower permeance ratios in linear

scale. The dashed lines stand for the y = x lines.

dictions of the proposed theoretical model to the separation of binary gas mixtures through

2D porous graphene. Whatever the composition of the mixture, the separation factor de-

pends directly on the ratio of the permeances of the two competing species. Given the ex-

cellent agreement between the theoretical model fit and the simulation data shown in figure

8, there is no doubt that the permeance ratios between di↵erent pairs of gas molecules will

be well captured by our model with parameters fitted to the pure species data. To test our

model with a view towards the separation of mixtures, it is therefore more interesting to

calculate the permeance ratios by feeding the model with the parameters Upmf
0 , Upmf

esc and

f pmf obtained from the PMF rather than those obtained from fitting the model to the data.

The figure 10 shows a parity curve to illustrate the comparison between the permeance

ratios predicted by the model fed by the PMF data and the MD simulation data. We have

32

• The selectivities obtained by simulation are compared to those obtained by 
directly feeding the model with the parameters of the PMF. 

• Selectivity deduced directly from the PMF.  Valuable for the design of efficient 
membranes (chemical functions, pore sizes, etc.). Guo et al., J. Chem. Phys., 159(8) : 084701 (2023) 

• Binary mixtures: Selectivity ∝ Π1/Π2
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• Progressive Softening of the PMF with increasing flexibility, in agreement with the 
permeance model.

• In the case of H-terminated pores, releasing the out of plane motion of H atoms 
does not affect the PMF significantly.
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• Permeance values are in line with the above observations.

• In the case of H-terminated pores, releasing the out of plane motion of H atoms 
does not affect the PMF significantly.

• Progressive Softening of the PMF with increasing flexibility, in agreement with the 
permeance model.


