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usion in two-dimensional MXene
lamellar membranes: insights from molecular
dynamics simulations†

Libo Li, Tao Zhang, Yifan Duan, Yanying Wei,* Chaojie Dong, Li Ding, Zhiwei Qiao
and Haihui Wang *

Membrane gas separation has become increasingly important for modern industry, and the emerging two-

dimensional (2D) lamellar membranes provide unprecedented possibilities to overcome the well-known

permeability–selectivity trade-off of traditional membranes. However, the 2D materials currently available

for lamellar membrane fabrication are very limited, and relevant experimental or simulation studies are

scarce. Consequently, the understanding of gas diffusion in 2D nanochannels, though critical for

developing more efficient lamellar membranes, is still quite poor. Very recently, we fabricated a 2D MXene

lamellar membrane with exceptional gas separation performance (L. Ding, Y. Wei, L. Li, T. Zhang, H. Wang,

J. Xue, L. X. Ding, S. Wang, J. Caro and Y. Gogotsi, Nat. Commun., 2018, 9, 155), and the gas transportation

mechanism was studied thoroughly with Molecular Dynamics (MD) simulations in this work. The diffusion

of different gases, such as H2, He, CH4, CO2 and N2, was simulated in 2D MXene nanogalleries with

structural factors (e.g., interlayer distance and intercalating water) adjusted systematically. These gases

were found to diffuse in the nanogalleries mainly via two mechanisms, activated diffusion and Knudsen

diffusion. The main features of both diffusion mechanisms were discussed through studying the simulation

trajectories carefully. The simulations also revealed that the MXene membrane structure significantly

influenced the gas diffusion, such as the mechanism, diffusivity, and selectivity, and could thus be tuned to

boost the gas separation performance as our recent experiment did. This simulation work provides

a detailed microscopic understanding of gas diffusion in 2D nanochannels, and useful guidance for

developing new 2D lamellar gas separation membranes with high performance.
Introduction

Membrane-based gas separation has shown advantages for
a large variety of applications, e.g., low energy cost, high effi-
ciency and simple operation,1,2 but suffers from the well-known
problem of permeability–selectivity (P–S) trade-off (e.g., the
Robinson upper bound).3 The emerging 2D material-based
membranes, which possess the merits of traditional
membranes, and yet solve the P–S trade-off problem, have been
attracting enormous attention.2 There are two categories of 2D
material-based membranes: nanosheet membranes and
lamellar membranes (Fig. S1†).4,5 Lamellar membranes are
assembled from 2D material nanosheets with interlayer
galleries providing molecular passages (Fig. S1†), which are
quite desirable, due to advantages of tunable channel width,
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excellent mechanical strength, and easy fabrication and inte-
gration in comparison with nanosheet membranes.5–7 However,
the number of 2D materials available for lamellar membrane
fabrication is quite limited: graphene (GA),8,9 graphene oxide
(GO),10–14 Layered Double Hydroxides (LDH),15 molybdenum
disulphide (MoS2)16,17 and tungsten disulde (WS2)18 (GA5,6

membranes produced from reducing GO usually belong to
lamellar membranes, while 2D MOFs19,20 belong to nanosheet
membranes), leading to only a few reports being available on
gas separation experiments with lamellar membranes,10–17

which usually show moderate separation performance (inter-
estingly, experimental studies of liquid separation21 or ion
sieving22 with lamellar membranes are a bit more frequently
reported). Also, theoretical/simulation studies on gas trans-
portation through 2D lamellar nanogalleries are scarce;23,24

thus, the mechanism of transportation and separation of gas
through 2D nanogalleries is far from being well understood.
There have been abundant theoretical studies on gas trans-
portation in 0D nanopores (e.g., nanopores in graphene,25–27

C3N4,28 C2N,29 etc.; please note that these materials are 2D, but
the nanopores in the nanosheets could be taken as 0D due to
the monoatomic thickness), 1D nanochannels (CNT30–32 or SiC33
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Snapshot of simulation systems, where 6 He molecules diffuse
in anhydrous MXene (a and c) or hydrous MXene ((b and d) also
referred to as MXene). He, O, Ti, and C atoms are drawn as red, blue,
orange, and green balls, respectively; water molecules are drawn as
red and white lines. (e and f) Gas diffusion coefficient, D, in anhydrous
MXene (e) and MXene (f) with different interlayer distances. The MXene
(b) nanogallery contains 2.4 wt% water as the experimental ther-
mogravimetric analysis (TGA) result suggested.41
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nanotubes), and 3D nanochannel networks (MOFs or
zeolites).34–36 Such studies on 2D lamellar nanochannels,
however, are scarce, and yet they are urgently needed for
studying or developing more efficient 2D lamellar membranes.
For instance, the channel width and gas molecule–channel wall
interactions have been proven to be essential for gas trans-
portation in the aforementioned 0, 1, and 3D nano-
channels.25,30,35–38 These factors should also be vital for gas
transportation in lamellar nanochannels, and consequently,
could be exploited to tune the gas transportation and enhance
the gas separation performance. However, the understanding of
these factors in the context of 2D nanogalleries is still very poor,
as there have been very few relevant theoretical studies that
mainly focus on two 2D materials, GA24 and GO.23,39

Very recently, we fabricated 2D lamellar membranes with an
emerging 2D material, MXene.40,41 MXenes are a large family of
2D carbides and nitrides with the general formula Mn+1XnTx,
where M represents a transition metal, X carbon and/or
nitrogen, and T the surface termination.42–44 The MXene 2D
membranes showed a range of merits, e.g., ultrafast water
permeation,45 precise ion sieving46 and most importantly,
unprecedented gas separation performance (H2 permeability >
2200 barrer, H2/CO2 selectivity > 160), which exceeded the latest
Robinson upper bound considerably.41 A thorough under-
standing of gas diffusion in 2D MXene nanogalleries should
benet developing even more efficient MXene or MXene-based
membranes. It would even provide valuable insights for
studying gas transportation or separation in lamellar
membranes based on other 2D materials.47–49 Such a trans-
portation mechanism, however, usually involves a microscopic
understanding, and is thus very challenging, especially for
experiments. Alternatively, Molecular Dynamics (MD) simula-
tions could be used to study the molecular transportation in
nanochannels from a microscopic perspective, and have been
employed in a range of lamellar membrane studies, aiming at
molecular sieving23,50–52 or uid/gas transportation.24,53,54

In this work, MD simulations were employed to study the
diffusion of different gas molecules (He, H2, CO2, N2, and CH4)
in 2D MXene nanogalleries whose structural factors were
adjusted systematically. Two main mechanisms, activated
diffusion and Knudsen diffusion,2 were observed for gas diffu-
sion in MXene nanogalleries, and their main features were
discussed aer studying the simulation data carefully. The
structural factors of gas molecules (e.g., size and mass) and
MXene nanogalleries (e.g., interlayer distance and intercalating
water) were found to inuence the gas diffusion signicantly,
while the gas–MXene interactions also counted to some extent.
The simulation results agree well with our recent experiment41,
and their signicance in gas diffusion (e.g., diffusivity and
selectivity) and 2D lamellar gas separation membrane design
was discussed.

Models and methods

In the simulation, a certain number of gas molecules were
placed in the nanogallery between two MXene (Ti3C2O2) nano-
sheets, with the crystal structure taken from the literature55
This journal is © The Royal Society of Chemistry 2018
(Fig. 1). Wemainly simulated 2 types of MXene nano-galleries in
this work: one with 2.4 wt% water randomly distributed
between MXene nanosheets to reproduce our recent experi-
mental result (interlayer distance ¼ 6.8 Å according to X-ray
diffraction (XRD), water content � 2.4 wt% as suggested by
thermogravimetric analysis (TGA)),41 and the other one without
water for comparison. The former type of MXene nano-gallery
was referred to as MXene or hydrous MXene with d varying
from 6 to 14 Å, while the latter was denoted as anhydrous
MXene with d varying from 5 to 14 Å (when the intercalating
species was absent, MXene nano-sheets could approach each
other even more closely). In some cases, MXene nanogalleries
with water content between 0 and 2.4 wt%, or with large d values
ranging from 14 to 24 Å, were also simulated to further study the
gas diffusion mechanism. The size of the MXene nanosheet was
5.5 nm � 5.3 nm (along the x–y direction) in the primary
simulation box, and a periodic boundary condition (PBC) was
applied. Although a typical MXene nanosheet usually possesses
two other surface functional groups (–F and –OH), they account
for less than 29% of the terminal groups in total. Our recent
work also suggested that the inuence of different surface
functional groups on gas diffusion was similar,41 and thus we
focused on Ti3C2O2 herein.

The MXene nanosheets were modeled using the Universal
Force Field (UFF) force eld (FF)56 with charge equilibration
(QEq) charge,57 which has been proven to accurately simulate
the interactions of gas molecules with a range of nanoporous
materials. Water was described using the SPC/E model.58 The
water contact angle (WCA), a key parameter for characterizing
J. Mater. Chem. A, 2018, 6, 11734–11742 | 11735
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the molecule–MXene interfacial interaction, was calculated by
simulating a water droplet on the MXene surface with the above
FF parameters (see the ESI WCA section†). The simulated WCA
was 55.0� (Fig. S2†), well consistent with the experimental value of
59.5�;59 thus the above FF parameters were further validated. The
N2, CO2 and CH4 gas molecules were modeled using the trans-
ferable potentials for phase equilibria (TraPPE) FF,60,61 and the
united-atom parameters of H2 and He were taken from other
publications.62,63 The FF parameters have been proven to accu-
rately simulate the transport of these ve gases in nanoporous
materials (they also successfully simulated gas diffusion inMXene
nanogalleries; see the ‘Results and discussion’ section).34,64–66

In a typical simulation carried out using the Groningen
Machine for Chemical Simulations (GROMACS) 4.6.7 package,67

the system was rstly subjected to a 500-step steepest-descent
energy minimization. Then, a 40 ns (nano-second) NVT simula-
tion was performed (leap-frog algorithm with a time step of 2 fs),
where a constant simulation temperature of 300 K was main-
tained using a Nose–Hoover thermostat.68 The MXene atoms
were frozen in the simulation since the nanosheets were rather
rigid. Water molecules were also xed, since the experimental
TGA results indicated that they adsorbed onto MXene rather
tightly at temperatures below 120 �C.41 The short-range interac-
tions were evaluated using a neighbor list of 10 Å that was
updated every ten steps, and the Lennard-Jones interactions were
switched off smoothly between 8 and 9 Å. A long-range analytical
dispersion correction was applied to the energy to account for the
truncation of these interactions.69 The electrostatic interactions
were calculated using the reaction-eld method.70 The last 30 ns
of the NVT simulation were used to calculate the gas diffusion
coefficient with the Einstein relation

D ¼ lim
t0/N

D
jrðtþ t0Þ � rðtÞj2

E
4t0

where h|r(t + t0) � r(t)|2i is the mean square displacement (MSD)
for a given relative simulation time t0 (the coefficient in the
denominator is 4 because the gas molecules diffused in the 2D
x–y plane).

Different number of Hemolecules, varying from 1 to 12, were
simulated. The gas molecules did not aggregate (see the xy-
radial distribution function (xy-RDF), Fig. S3a†), and the inter-
action among them was negligible in comparison with their
interaction with MXene nanosheets (Fig. S3b and Table S1†).
Consequently, the number of gas molecules, ranging from 1 to
12, affected the diffusion coefficient in MXene nanogalleries
insignicantly, though it did affect the diffusion coefficient
when MXene nanosheets were absent as Gilliland's equation
predicted (Fig. S4†). Thus we focused on simulations with 6 gas
molecules in this work.
Results and discussion
Effect of interlayer distance on gas diffusion: activated
diffusion vs. Knudsen diffusion

In experiments,12–14,17,53 gas transportation through nano-
channels or nanogalleries is usually tuned via adjusting their
11736 | J. Mater. Chem. A, 2018, 6, 11734–11742
width. Thus, the effect of the width, also referred to as the
'interlayer distance' in the context of nanogalleries, on gas
diffusion was studied in detail herein. The diffusion coeffi-
cients, D, of 5 different gas molecules in MXene 2D nano-
galleries with the interlayer distance (denoted as d) ranging
from 5 to 14 Å (anhydrous MXene, Fig. 1a and c) or from 6 to 14
Å (hydrous MXene, Fig. 1b and d, also referred to as MXene in
this work, containing 2.4 wt% intercalating water as our recent
experiments showed;41 see the ‘Models andmethods’ section for
more details) are shown in Fig. 1. With d increasing, the gas
diffusivity rst increased quickly (d < 10 Å), and then varied
rather slowly (d > 10 Å) (Fig. 1e and f).

As for MXene nanochannels with small d (d # 6 Å for
anhydrous MXene or d # 8 Å for MXene), gas molecules with
smaller kinetic diameters usually diffuse faster (although with
slight deviations sometimes). D of He and H2 could be 1
(anhydrous MXene, d # 6 Å) or even 3 orders (MXene, d # 7 Å)
higher than those of the bigger molecules, CO2, N2 and CH4

(DCO2
is smaller than DN2

, though its kinetic diameter is smaller;
the reason will be explained later in the ‘Gas–membrane
interaction’ section). This led to an obvious cut-off among these
gas molecules, even though the difference between their kinetic
diameters is as small as 0.4 Å (H2 vs. CO2; see Fig. S5†).

When the cut-off phenomenon became signicant, the d of
anhydrous MXene became �6 Å (that of MXene was larger; the
reason will be explained later in the ‘Effect of intercalating water’
section), corresponding to a spacing of�3 Å (subtracting the van
der Waals diameter of an oxygen atom, �3.0 Å), right between
the kinetic diameter of H2 and CO2 (2.89 and 3.3 Å, respectively).2

The average interaction energy (the magnitude) of gas molecules
with small d MXene membranes (either anhydrous or hydrous
MXene, d# 7 Å) was quite large, e.g., a few times larger than that
of large d MXene (e.g., d ¼ 14 Å, see Fig. S6†). Furthermore, the
interaction energy for small d MXene membranes (e.g., d ¼ 6 Å,
anhydrous MXene) showed a Gaussian distribution centered at
the average value (Fig. 2d). A close analysis of the simulation
trajectory revealed that when a gas molecule (e.g., He) diffused in
MXene nanogalleries with d (e.g., 6 Å) as small as or comparable
to its kinetic diameter (2.6 Å), it would always be close to the
MXene wall and experience interactions with the wall continu-
ously (Fig. 2a and c). This gas diffusion mechanism is referred to
as activated or congurational diffusion,71 and some of its major
features, e.g., the correlation between diffusivity and kinetic
diameter and the cut-off phenomenon,10,11 have been discussed
in Fig. S5.† We further note that, as for activated diffusion, the
interaction energy decreased sharply with d increasing (Fig. S6†),
which may explain the quick increase of D in the small d range
(d # 10 Å).

As for large d (>10 Å) MXene membranes, the D of gas
molecules depended on their mass (m) instead of kinetic
diameter, and the relationship roughly agreed with D � m�0.5

(Fig. S7,† D of CO2 is lower than the D � m�0.5 prediction; the
reason will be explained later in the ‘Gas–membrane interac-
tion’ section). Consequently, the difference in D of different
gases is much smaller than that of small d MXene nano-
galleries: DH2

/DCH4
is �2 for d > 10 Å (either anhydrous or

hydrous MXene), while it is above 400 for d # 5 Å (anhydrous
This journal is © The Royal Society of Chemistry 2018

https://doi.org/10.1039/c8ta03701a


Fig. 2 The time series of a helium molecule's z coordinate (blue),
interaction energy with MXene sheets (red), which diffuses in anhy-
drous MXene nanogalleries with interlayer distance d¼ 6 Å (a) and 14 Å
(b). (c) The He–MXene interaction energy–z coordinate scatter plot of
a He molecule diffusing in d ¼ 6 Å (red) or 14 Å (olive) anhydrous
MXene nanogalleries. (d) The normalized distribution of He–MXene
interaction energy for a He molecule diffusing in d ¼ 6 Å (red) or 14 Å
(olive) anhydrous MXene nanogalleries.
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MXene) or d # 7 Å (MXene). There are 2 cross-overs in D of
different gases: at d > 10 Å, DHe < DH2

and DN2
< DCH4

, which are
the opposite of the cases of small dMXene membranes (d# 6 Å
for anhydrous MXene or #8 Å for MXene). These cross-overs
indicate that the dominating factor for gas diffusion shis
from the kinetic diameter to molecular mass with the interlayer
distance, d, increasing. In large d MXene membranes, the
interaction energy (the magnitude) of gas molecules with
MXene was considerably smaller than that of small d MXene
membranes (Fig. S6†). Most of the time, the interaction energy
is close to 0, since the gas–MXene wall distance is quite large
(Fig. 2b–d, d ¼ 14 Å). This phenomenon is in contrast to the
trend observed for small d MXene membranes, where the
interaction energy is usually well below 0 (Fig. 2a and d, d¼ 6 Å).
The simulation trajectory (He, d ¼ 14 Å) reveals that a gas
molecule frequently collides with the MXene wall and returns to
the bulk phase, where it is far from (gas–MXene distance$ 5 Å)
and interacts weakly with (|gas–MXene interaction energy| <
0.2 kJ mol�1, | | refers to the magnitude or absolute value) the
MXene wall (Fig. 2b and its enlargement, Fig. S8†). These wall
collisions change the gas molecule velocity dramatically in all
three dimensions, x, y and z (Fig. S9†), and thus affect the gas
diffusion to a large extent. The He atom's wall collision
frequency was estimated to be �5 � 1011 s�1 per molecule from
the trajectory, an order of magnitude higher than the collision
frequency with other gas molecules (Fig. S10†). In addition,
when a He molecule collides with other He molecules, the He–
He interaction energy is usually much smaller than the He–
MXene interaction energy (Table S1†). Thus, when d > 10 Å, the
gas diffusion is dominated by its collisions with theMXene wall,
This journal is © The Royal Society of Chemistry 2018
rather than collisions with other gas molecules, leading to
the well-known Knudsen diffusion with diffusivity scaling with
m�1/2 (Fig. S7†).2,10,38 In contrast to small d nanogalleries,
D varied quite slowly with d increasing, as the gas–MXene wall
interaction changed slowly (Fig. 1 and S6†). Nevertheless, the
diffusivity did increase with d increasing (Fig. S11†), agreeing
with the equation for Knudsen diffusion:

D ¼ d

3

ffiffiffiffiffiffiffiffiffiffiffi
8kBT

pm

r

where d is the interlayer distance, T is the temperature, m is the
molecular mass and kB is the Boltzmann constant.72,73 It could
be further expected that, with d further increasing, the colli-
sions of gas molecules with the MXene wall would become less
frequent as gas molecules would spend more time in travelling
from the MXene wall to the opposite side. Thus, gas molecules
would mainly locate in the bulk phase and their collisions with
the MXene wall would become less important. In such
circumstances, the other mechanism, the so-called ‘volume
diffusion’, may begin to take place (however, this is beyond the
scope of this study focusing on nanogalleries).
Inuence of gas–membrane interaction on gas diffusion

According to the above discussions, the dominating factor of
gas diffusion for small dMXene membranes is basically the gas
molecule size (kinetic diameter), while that for large d MXene
membranes is the molecular mass. However, CO2 is an excep-
tion, whose kinetic diameter (3.3 Å) is slightly smaller than that
of N2 (3.64 Å), and its mass is �1.5 times that of N2. The
diffusivity of CO2 is usually considerably lower than that of N2

(DCO2
/DN2

< 0.6), in the d range of 5–14 Å. This phenomenon is
observed for both anhydrous MXene and MXene (Fig. S5 and
S7†), and we will focus on anhydrous MXene in this section for
the sake of clarity. It is quite unexpected that when d # 6 Å
(anhydrous MXene) and the activated diffusion dominates gas
molecule transport, DCO2

is less than one half of DN2
, though its

kinetic diameter is smaller. For comparison, CH4, with the
largest kinetic diameter, showed a much smaller D than DN2

or
DCO2

for d # 6 Å (anhydrous MXene). Even when d > 10 Å
(anhydrous MXene) and Knudsen diffusion dominated the gas
transportation, DCO2

wasmuch smaller than that predicted from
the m�1/2 equation (Fig. S7†). The smaller diffusivity or per-
meance of CO2 than N2 was also reported in recent molecular
sieving membrane studies.10–14,24 Thus, there should be other
factors, other than size or mass, that also affect the diffusion of
CO2 signicantly. In fact, the unexpected phenomenon of DCO2

may be attributed to the fact that CO2 possesses a much higher
quadrupole and polarizability than other gases (e.g., the quad-
rupole values of CO2, N2, and CH4 are �13.71 � 1040, �4.91 �
1040, and 0 C m2, and the polarizability values are 29.1 � 10�25,
17.4 � 10�25, and 25.9 � 10�25 cm3 respectively;74 those of He
and H2 should be lower than those of N2). This leads to the
interaction energy (magnitude) of CO2 with MXene being
considerably higher than that of other gases (Fig. S6†), which
hindered its diffusion. The stronger interactions of CO2 with the
MXene wall could also explain that CO2 had a greater tendency
J. Mater. Chem. A, 2018, 6, 11734–11742 | 11737
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to adsorb on the MXene wall than other gases (Fig. 3). Additional
hypothetical simulations were performed, where the atomic
charge of CO2 was turned off. This decreased the magnitude of
the CO2

hyper–MXene interaction energy to 9.6 kJ mol�1, and
increased the diffusivity to Dhyper

CO2
¼ 57:4� 10�5 cm2 s�1 (a bit

higher than DN2
, 45.3 � 10�5 cm2 s�1) in a d ¼ 7 Å anhydrous

MXene nanogallery. Such hypothetical simulations veried that
gas–membrane interactions could affect the gas diffusion or
permeance considerably, as discussed in recent experimental
studies.12,75
Effect of intercalating water on gas diffusion

D of hydrous MXene membranes is usually smaller than that of
anhydrous MXene (Fig. 1). This effect became more signicant
for small d or large gas molecules (Fig. S12†). For instance, for
H2, when d ¼ 14 or 6 Å, Danhydro/Dhydro is �1.5 and 15, respec-
tively, while for CH4, when d ¼ 14 or 6 Å, Danhydro/Dhydro is �1.7
and 650, respectively. This effect of water may be attributed to
the fact that water scatters or blocks the gas diffusion. To be
specic, when d was large, water molecules scatter the gas
diffusion ow or roughen the potential surface for gas diffu-
sion,24,38 which decreased D of gas molecules. When d was
small, water molecules blocked the gas diffusion so severely
that a gas molecule could no longer push itself through the
space between water and the MXene wall (Fig. S13†). Thus, in
the hydrous MXene membrane, the 2D nanogalleries between
MXene nanosheets were divided into narrow nanochannels to
transport gas molecules. Compared with 2D nanogalleries, the
diffusion width of gas molecules through nanochannels drop-
ped greatly, while the tortuosity increased considerably. As
a consequence, D of gas molecules dropped signicantly for
small d MXene membranes. Furthermore, these divided nano-
channels would possess different widths, while most of the
nanochannels may be too narrow to transport large gas mole-
cules. In other words, the possible diffusion pathways of large
gas molecules through the hydrous MXene membrane may be
considerably fewer than those of smaller molecules. Conse-
quently, the intercalating water affected D of large gas mole-
cules more signicantly than that of small molecules, and thus
enhanced the molecular sieving effect of the MXene membrane.
Fig. 3 Density distribution profiles of CO2 (red), N2 (blue) and CH4

(green) molecules (along the interlayer distance, z direction) in anhy-
drous MXene nanogalleries with different d values. z ¼ 0 refers to the
middle of the nanogallery. At a small d of 6 Å, all gas molecules were
located in the middle of the nanogalleries, while at large d, CO2

molecules are more inclined to adsorb to the MXene wall than N2 or
CH4.

11738 | J. Mater. Chem. A, 2018, 6, 11734–11742
Such enhanced molecular sieving could be employed to
increase the gas separation performance (see the ‘Selectivity’
and ‘Design’ sections below). Further simulations were carried
out, with water content in the MXene membrane varying from
0 to 2.4 wt%. The effect of water on gas diffusion correlated with
the water content well: when there was less water, the diffusivity
of gas would be less affected; in other words, the behavior was
closer to that observed for the anhydrous MXene membrane
(Fig. S14†).
Selectivity of gas diffusion

Based on the results in previous sections, the selectivity of the
MXene membrane is discussed herein, which is a vital consid-
eration for the industrial application of MXene membranes.
The selectivity for gas molecule A with respect to another
molecule B is dened as SA/B ¼ DA/DB, where DA and DB are the
diffusion coefficients of species A and B. The selectivity of both
anhydrous and hydrous MXene membranes is shown in Fig. 4,
and we will focus on H2 in this section, since DH2

was usually
similar to DHe.

In the anhydrous MXene membrane with d as small as 5 Å,
the selectivity for H2 over big gas molecules (N2, CO2 and CH4) is
as high as 11, 82 and 346. The high SH2/CH4

could be attributed to
the large kinetic diameter of CH4 (see the previous ‘Interlayer
distance’ section), while the high SH2/CO2

can be attributed to the
strong interaction between MXene and CO2 to a large extent.
Nevertheless, SH2/N2

of 11 is still higher than the values obtained
in a range of other recent 2D material or MOF membrane gas
separation studies with SH2/N2

ranging from 3 to 10.10,13,14,16,17,76

The selectivity for H2 drops quickly with d increasing, and
uctuates around some constants when d $ 8 Å. Such
constants, SH2/N2

� 2.8, SH2/CO2
� 4.5 and SH2/CH4

� 2.4, are quite
Fig. 4 Selectivity of H2 (a and b) and He (c and d) diffusion with respect
to N2 (olive), CO2 (purple), and CH4 (blue) for (a and c) anhydrous
MXene and (b and d) MXene membranes. The selectivity is defined as S
¼ DHe/Dgas (a and b) or DH2

/Dgas (c and d), where DHe, DH2
and Dgas are

the diffusion coefficients of He, H2 and other gas molecules.

This journal is © The Royal Society of Chemistry 2018
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close to that predicted from the m�1/2 equation (note that the
dominant diffusion mechanism is Knudsen diffusion for large
d nanogalleries; see the previous ‘Interlayer distance’ section),
indicating a low separation performance of large d MXene
membranes. Furthermore, the selectivity of large d ($ 10 Å)
MXene membranes for different gases over N2 is quite close to
those reported in recent studies on graphene24 or MoS2 (ref. 16)
membranes (d $ 10 Å, Fig. S15†). This indicates that when gas
diffuses in large d nanogalleries via the Knudsen mechanism,
the membrane material may affect the selectivity less signi-
cantly than in small d nanogalleries.

As for hydrous MXene with d # 8 Å, the selectivity for H2

could be folds or even orders higher than that of anhydrous
MXene. For instance, the selectivity for H2 over N2, CO2 and CH4

is 160, 173 and 1905 (d ¼ 7 Å) or 110, 212 and 3340 (d ¼ 6 Å,
MXene) respectively, while for anhydrous MXene the corre-
sponding values are 3, 7 and 3 (d ¼ 7 Å) or 4, 8 and 8 (d ¼ 6 Å).
The selectivity of hydrous MXene drops with d increasing, but it
drops much more slowly than for anhydrous MXene: at d of 8 Å,
SH2/N2

, SH2/CO2
and SH2/CH4

are 17, 72 and 71, respectively; even
when d ¼ 10 Å, SH2/CO2

is still as high as 9, which is higher than
the recently reported values for MoS2,16,17 CMS77 and PBI78

membranes (at room temperature; note that the H2 perme-
ability of the MXene membrane is close to or considerably
higher than that of these membranes). The high selectivity of
hydrousMXene with d# 10 Å could be attributed to the fact that
when gas molecules move in the nanogallery via activated
diffusion, water blocks the gas diffusion, especially for large gas
molecules, and thus enhances the molecular sieving effect (see
the ‘Effect of water’ section). Furthermore, the simulated
selectivity of hydrous MXene (d ¼ 6 or 7 Å, water content ¼
2.4 wt%) was quite close to that obtained in our recent experi-
ment, where d ¼ 6.8 Å, water content ¼ 2.4 wt%, SH2/He �1,
SH2/N2

� 129, SH2/CO2
� 238 and SH2/CH4

� 780 (Fig. S16†).41 Such
a close agreement further validated our simulation methodol-
ogies (e.g., simulation system setup and simulation parameters;
also see the water contact angle (WCA) calculation in the ESI†)
and discussions on the diffusion mechanism (see the ‘Effect of
interlayer distance’ and ‘Effect of intercalating water’ sections).
As for hydrous MXene with d $ 11 Å, however, the selectivity of
hydrous MXene is quite close to that of anhydrous MXene,
though D of hydrous MXene is smaller. The reason may be that
when gas molecules move in wide nanogalleries (d $ 11 Å) via
the Knudsen diffusion, the effect of water on the gas diffusion is
similar among different gas species. Thus, the effect of water on
different gases is cancelled when calculating the selectivity, S ¼
D1/D2 (note that D of both anhydrous and hydrous MXene
simply followed the m�1/2 law when d $ 11 Å, Fig. S7†).

DHe was usually similar to DH2
, and DHe/DH2

for all simula-
tions, both for anhydrous and hydrous MXene, varied from
0.8 to 1.5 in this study. Thus, the selectivity for He over big gas
molecules (N2, CO2 and CH4) is quite similar to that for H2, and
the discussions on H2 also apply to He. Particularly, the selec-
tivity of MXene (d ¼ 6 or 7 Å) for He over N2, CO2 and CH4 is
above 100 (N2 and CO2) or even 1000 (CH4). The calculated
selectivity is quite close to that obtained in our recent experi-
ments (Fig. S16†).41 In addition, SHe/N2

and SHe/CH4
(d ¼ 6 or 7 Å,
This journal is © The Royal Society of Chemistry 2018
MXene) are well above the required selectivity for industrial
application.79 The permeability (2402 barrer (ref. 41))–selectivity
(over CH4 or N2) of the MXene membrane also exceeds the latest
upper bound of Robeson's plot,79,80 showing performance
superior to most other organic and inorganic membranes.80 All
these results indicate the promising potential of the MXene
lamellar membrane for H2/He recycling, recovery or purication
or other gas separation applications.1,2,80
Design of lamellar membranes for gas separation

The above discussions provide valuable insights for designing
efficient gas separation lamellar membranes with MXene41 or
other 2D materials.6,7 First, d could be a vital consideration in
membrane design. To improve the selectivity for H2 or He over
big gas molecules (e.g., N2, CO2 or CH4), d should be sufficiently
small that gas molecules move mainly via the activated diffu-
sion, which usually yields selectivity much higher than Knudsen
diffusion (see the ‘Selectivity’ section, Fig. 4).2 In this d range,
the selectivity drops sharply, while D increases quickly with
d increasing (Fig. 1). This quick change of S and D in opposite
directions indicates that the ‘optimum’ d range for designing
a lamellar membrane with high S and D should be rather
narrow. In addition, the ‘optimum’ d value is not the sole
consideration. A lamellar membrane may possess numerous
nanogalleries with various widths, or d values, which leads to
a width distribution. This d distribution should also be rather
narrow, otherwise gas molecules would mainly be transported
via large d nanogalleries with much higher diffusivity. Thus
nanogalleries with large d would dominate the separation
performance, and reduce the selectivity, which would drop
sharply with d increasing (Fig. 4). Therefore, to fabricate
a lamellar membrane (e.g., to purify or recover H2 or He) with
high selectivity (S) and permeability (P), we not only need to
precisely control d to an ‘optimum’ value, but also further
reduce the d distribution; in other words, we need to fabricate
nanogalleries with nearly identical widths close to the
‘optimum’ value. As for anhydrous and hydrous MXene
membranes, the ‘optimum’ d range is estimated to be �5 Å and
6–8 Å, respectively, with the criteria that SH2/CO2

> 70 and DH2
>

7 � 10�5 cm2 s�1 (Fig. 1 and 4). In other words, we need to tune
the d values of all nanogalleries in the membrane to just one or
two atom thickness (the typical diameter of an atom is �0.33
nm), while three atom thickness may even be too large. This
task is far from trivial, which may explain why there have been
very scarce gas separation studies with lamellar membranes. In
our recent experimental study, highly ordered nanogalleries
with nearly identical d values of �6.8 Å have been fabricated
with MXene nanosheets, as deduced from the extremely sharp
002 peak of XRD patterns and TEM images.41 This MXene
membrane yielded very high SH2/CH4

, SH2/N2
and SH2/CO2

of 780,
129, and 238, and a high H2 permeability of 2402 barrer
(membrane thickness¼ 2 mm, ideal selectivity), which exceeded
the latest upper bound considerably. The signicant inuence
of the nanogallery's orderness or interlayer distance (d) on the
gas separation performance has also been reported in recent
studies on GO lamellar membranes,10,12,14 e.g., even increasing
J. Mater. Chem. A, 2018, 6, 11734–11742 | 11739
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d from 7.1 to 7.7 Å could decrease SH2/CO2
sharply from 100 to

8.5.12 We also note that gas molecule sieving may be muchmore
difficult than ion sieving,22,50–52 since the diameter of an ion with
its hydration shell (e.g., �7 Å)2 is much larger than gas mole-
cules. Second, the intercalating species, e.g., water, regulated
the gas transportation not only simply by changing the width, d,
of the nanochannels, but also by blocking the gas diffusion and
enhancing the molecular sieving effect (see the ‘Effect of
intercalating water’ section). The active role of water in regu-
lating the gas diffusion has also been reported in recent GO
studies.24,81 Consequently, the intercalating species could
increase S considerably, and thus allow high S for lamellar
membranes with a slightly wider d distribution. This could
make fabricating high performance lamellar membranes more
feasible. Interestingly, the density of intercalating species (e.g.,
water) may decrease D (Fig. S14†) but increase S considerably
(Fig. 4), since denser intercalating species would block the
diffusion of big gas molecules more severely. Thus the inter-
calating species density could be employed to further tune the
performance of lamellar membranes. Last but not least, the
interaction between the nanogallery wall and gas molecules
could be employed to suppress the diffusion of some gas
molecules (e.g., CO2) specically and thus enhance the gas
separation (see the ‘Gas–membrane interaction’ section). This
effect has been reported in our recent MXene experimental
study,41 which yielded an SH2/CO2

of 238, two times as high as SH2/

N2
, with the mechanism discussed in the ‘Gas–membrane

interaction’ section. This phenomenon has also been discussed
in recent experimental studies onmembrane gas separation.12,75

We also note that a typical MXene nanosheet usually possesses
two other surface terminations (–F and –OH) besides –O, while
–O accounts for the majority of terminations.41 Our recent41

study suggested that the inuence of different surface termi-
nations on gas transportation in MXene membranes was
insignicant, e.g. much weaker than that of the interlayer
distance or intercalating species, which may change the selec-
tivity or diffusivity by several hundred fold (Fig. 4 and S12†).
Conclusions

In this work, gas diffusion in the interlayer nanogalleries of
MXene membranes was thoroughly studied via MD simula-
tions, which yielded a molecular understanding of selective gas
diffusion through the nanogalleries between MXene nano-
sheets. The structural factors of gas molecules (e.g., size, mass,
dipole and quadrupole) and MXene membranes (e.g., interlayer
distance and intercalating species) were found to affect the gas
diffusion signicantly, which led to different diffusion mecha-
nisms and diffusivity and consequently, highly efficient
gas separation overcoming the P–S trade-off of common
membranes. The simulation results and ndings were in good
agreement with our recent experiment.41 This study provides
valuable insights not only for understanding the gas trans-
portation in 2D MXene nanogalleries, but also for designing
efficient lamellar membranes with various 2D materials, which
would benet a wide range of scientic and industrial elds.
11740 | J. Mater. Chem. A, 2018, 6, 11734–11742
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