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Abstract

Nanoporous single-layer graphene is regarded as a highly promising membrane material for gas
separation due to its atomic thickness. When single-layer graphene contains a high density of gas
sieving nanoscale pores, it can exhibit both a high gas permeance and a high selectivity, which is
beneficial for reducing the cost of gas separation processes. However, significant challenges remain for
matching theoretical predictions with experimental measurements and for the real application of
graphene membranes for gas separations. To tackle these challenges, in this thesis, I carry out both
theoretical and experimental investigations to understand and to improve the gas separation properties
of nanoporous single-layer graphene membranes.

On the theoretical side, first, using molecular dynamics simulations, I investigate the mechanism of
activated gas permeation through sub-nanometer graphene pores when energy barriers exist for pore
crossing. [ develop an analytical framework based on transition state theory to predict the gas permeance
through a given graphene nanopore. Second, I extend the analytical framework mentioned above from
sub-nanometer pores to larger pores. I formulate the transport kinetics associated with the direct
impingement from the bulk and with the surface diffusion from the adsorption layer on graphene, and
then combine them to predict the overall gas permeation rate using a reaction network model. Last, I
apply the theory developed above to predict the total gas permeance through a pore ensemble with a
realistic pore size distribution, which is generated by Kinetic Monte Carlo simulations. I show that the
total gas permeance through a pore ensemble is dominated by a small fraction of large nanopores having
low energy barriers of pore crossing.

On the experimental side, I demonstrate temperature-dependent gas mixture separation using single-
layer graphene membranes. The membranes contain intrinsic nanopores formed during the chemical
vapor deposition synthesis of graphene. I investigate the formation mechanism of the intrinsic graphene
nanopores, and systematically control the density of the intrinsic graphene nanopores while maintaining
appropriate pore sizes for gas sieving. I identify that nanoscale molecular fouling of the graphene
surface where graphene pores are partially blocked by hydrocarbon contaminants under experimental
conditions, affects both gas permeance and selectivity.
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pathway yinj as a function of temperature for the three gases considered for D, = 1.9 nm. (e) Potential
energy landscape of a CO; molecule near the 1.9-nm diameter graphene pore. The peak represents a
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1 Introduction

1.1 Single-Layer Graphene Membranes for Gas Separation

Separation processes account for nearly half of the energy consumption in the industrial sector and 10—
15% of the world’s total energy consumption.' The enormous production scale of chemical
commodities is an important reason for the high energy consumption. The dominance of thermal-based
separation processes, including distillation and evaporation is another reason.* These thermal-based
separations rely on phase changes and are highly energy intensive, accounting for more than 80% of
the energy consumed by chemical separations.* Membrane separations, on the other hand, are much
more energy efficient and environmentally friendly because they do not require extensive heating or
cooling.! However, much improvement is required for the membranes to be competitive application-
wise.>¢

The separation of gaseous mixtures is essential in the chemical industry, including hydrogen
separation in ammonia or petrochemical plants, nitrogen separation from air, CO, separation in natural
gas processing,’ and H,S separation from sour gas.® Similar to separation processes in general, thermal-
based gas separation methods, such as cryogenic distillation, amine adsorption, and vapor condensation,
consume a high amount of energy, which can be significantly reduced using gas separation membrane
units.>® A membrane that can separate gases allows certain components in a mixture to permeate at
higher rates than others. The economic competitiveness of a gas separation membrane highly depends
on its gas permeance K and its selectivity S. The permeance K; of gas species i (in SI units of mol m
s Pa!) is defined as K; = Fi/Ap;, where F; (in SI unit of mol m? s™) is the flux of gas i through the
membrane, and Ap; is the partial pressure difference (the driving force) of gas i between the feed side
and the permeate side. For relatively thick conventional membranes, whose cross-membrane transport
resistance is dominated by the bulk interior, the permeance K is inversely proportional to the membrane
thickness d. Correspondingly, the permeability P; of gas i (in SI units of mol m™! s! Pa!) is defined as
P: = Kid = Fid/Ap;, which is an intrinsic property of a material. The selectivity S;; between gases i and j

is defined as S = Ki/K; = Pi/P;.
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Polymers have been the most widely used materials for gas separation membranes for decades
because of their relatively low cost and low manufacturing difficulty.® However, membrane
separations using state-of-the-art polymeric membranes have not gotten competitive enough
economically compared to the thermal-based separation methods.” One of the limitations of the
polymeric membranes is the trade-off between permeability and selectivity, originally investigated by
Robeson.!*!! The best combination of permeability and selectivity for a binary gas pair is referred to as
the polymer upper bound. This trade-off originates from the interplay between the free volume spacing
in the polymer matrices and the size of the gas molecules.!> Smaller polymeric spacing increases the
selectivity but sacrifices the permeability due to the lower gas diffusivity inside the polymer, and vice
versa. Note that this permeability-selectivity trade-off exist for all materials, but the upper bound for

polymers can be surpassed by many other materials with more rigid pore structures, such as zeolites, !4

18-20

metal organic frameworks (MOFs),'>!® silica,!” carbon-based materials, mixed matrix

21.22 and even polymers which are thermally rearranged.’ However, membranes made of the

composites,
materials mentioned above need to be sufficiently thick to prevent collapsing due to their low
mechanical strength or weak structural integrity. Furthermore, the permeability-selectivity trade-off
constrains the permeability of a material in order to guarantee a reasonable selectivity. These two factors
combined lead to low permeances through those conventional membrane materials (K; = Pi/d).

Recent experimental and modeling advances in graphene technologies offers great opportunities
for potential breakthroughs in the membrane separation field.”>** As mentioned above, gas permeance
through a membrane is inversely correlated to its thickness.?® Therefore, porous single-layer graphene
shows high promise as the next-generation gas separation membrane.?*?%?’ The decent mechanical

29,30

strength?® and chemical stability?*** of graphene also enable it to serve as an effective membrane. Note

that defect-free graphene is almost impermeable to gases, except H, with an extremely low

31733 Therefore, pores need to be created in graphene for gas permeation by removing a

permeance.
certain number of carbon atoms. In order to discriminate between different gas molecules whose kinetic
diameters are typically 0.2-0.6 nm, the diameter of these pores should be on the nanometer scale.
Compared to pore matrices inside polymeric membranes, nanopores in single-layer graphene have

negligible pore lengths. As a result, gas transport through the graphene nanopores experiences minimal
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internal resistance, and is instead dominated by the transport resistances at the pore entrance and at the
pore exit. This important feature makes the solution-diffusion model not readily applicable to gas
transport through nanoporous graphene membranes.>*

In recent years, progress has been made in both theoretical and experimental aspects regarding
nanoporous graphene membranes for gas separation. However, much work is still needed for matching
theory with experimental measurements and for the large-scale application of graphene membranes for
gas separations. The theoretical and experimental challenges will be discussed in Sections 1.2 and 1.3,

respectively.

1.2 Theoretical Challenges

From a theoretical viewpoint, the ability to predict the correlation between gas permeance and pore
structure will be useful to interpret experimental permeation data, and to identify desired pore structures
for targeted gas separation pairs. In other words, the central aim is to predict the gas permeance K
through an ensemble of graphene pores given their structures, and then to confirm the predictions with
experimental measurements. However, the mechanism of gas transport through a two-dimensional (2D)
pore is fundamentally different from that through a polymeric membrane (a solution-diffusion
mechanism, where gas permeability equals the product of gas solubility and diffusivity in the
polymer).* The permeation of gas molecules through a 2D graphene pore follows different mechanisms,
depending on the relation between the pore diameter D,, the gas mean free path 4, and the kinetic
diameter Dy, of the gas molecule. Nanopores in single-layer graphene are nearly circular,*® and therefore,
their dimensions can be represented by their pore diameters D, for simplicity. The kinetic diameter of
a gas molecule is its size in the context of molecular collision, which is typically 0.2—-0.6 nm.*® The gas
mean free path 4 is the average distance travelled by a gas molecule between successive collisions, and
is ~100 nm at ambient pressure and room temperature.’” Four gas permeation mechanisms are illustrated

in Figure 1-1, corresponding to different pore diameter ranges.
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Figure 1-1. Schematic of gas transport mechanisms through nanopores in single-layer graphene with
different pore diameters. D, gas kinetic diameter; D,. pore diameter; d»n/d¢, molar gas permeation rate;
m gas molecular weight; E., energy barrier associated with pore crossing; kg, the Boltzmann constant;
T, absolute temperature; Cqur, areal density of adsorbed gas molecules; u, viscosity.

(1) Collective flow. When the pore diameter D, is larger than the gas mean free path 4 (or
equivalently, when the Knudsen number Kn = /D, < 1), the gas can be treated as a continuum because
a gas molecule can collide with other ones while crossing the pore. In this D, range (D, > 1), gas
transport through the pore is dominated by collective gas flow, which can be predicted by the Navier-
Stokes equations. An analytical solution to the Navier-Stokes equations exists when the membrane is
modelled as an infinitesimally thin plate (which is a good approximation for single-layer graphene),
and is known as the modified Sampson’s formula.** *° Because different gas components are well mixed
and can exchange momenta when crossing the pore, the selectivity approaches 1, making gas mixture
separation infeasible in this range.

(2) Effusion. When D, <4 ~ 100 nm (Kn > 1), the cross-pore transport of a gas molecule is mostly
not affected by other gas molecules and the continuum approximation breaks down. Specifically, gas
transport is governed by effusion when D, >> Dy, (gas kinetic diameter). Effusion, by definition, is the
process where gas molecules escape through a pore without any interference from the other gas

molecules (guaranteed by D, < A) or from the pore edge (guaranteed by D, >> Dy,).*! Therefore, the rate
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of effusion is equal to the rate of impingement of the gas molecules onto the pore area from the bulk,

and can be predicted by the kinetic theory of gases as follows:*

dn ApA, Ap nDIZ,
dt  \/2mmkgT [ 2mmkgT 4

(1-1)

where dn/dt is the molar gas permeation rate through the pore (mol s), 4, is the pore area, m is the gas
molecular weight, ks is the Boltzmann constant, and 7 is the absolute temperature in degrees Kelvin. It
is useful define the permeance per pore I1, or equivalently, the permeation coefficient (both appear in
the literature), which is equal to the molar gas flow rate dn/d¢ normalized by the pressure difference Ap,
that is:

M= 1 dn
CAp dt

(1-2)

Note that the difference between IT (in mol s Pa™') and permeance K (in mol m™ s Pa!) is that IT is
not normalized by the total membrane area, and therefore, is typically used to describe gas transport
through individual pores in both theory and simulation studies. In contrast, permeance K is more often

used in experimental studies. The two terms are connected by the areal pore density p: K = pll. For gas

permeation governed by effusion, the permeance per pore Ilesusion can be expressed as follows:

. A, 1 nD;
ffusi = = * 1‘3
e \/27kaBT \/27kaBT 4 (1-3)
Correspondingly, the selectivity Si> between gas species 1 and 2 is given by:
my
512,effusion = | (1'4)
my

which is known as Graham’s law of effusion, or the Knudsen selectivity.'!

Equation (1-4) is accurate in the limit when D, >> Dy, because the probability of gas permeation
being affected by the pore edge is infinitesimally small. However, as D, decreases and approaches D,
the steric effect imposed by the pore edge becomes more pronounced and should be considered — not
all the impingement attempts of gases become successful permeation events. In the range when 4 > D, >
3Dn, the pore is sufficiently large such that no energy barrier exists for gas permeation. In other words,

an impingement attempt of a gas molecule will succeed if it avoids hitting the pore edge and getting
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bounced off. In this D, range, gas permeation is still governed by effusion, but with a correction due to
the steric effect. However, this steric effect has not been quantitatively modelled or confirmed by atomic
scale simulations.

(3) Surface pathway. Graphene is very different from other conventional membrane materials
because it has negligible thickness. For conventional thick membranes, the transport resistance is
dominated by the interior paths inside the membrane, and gas adsorption on the membrane surface is
not important. However, for graphene, due to the small transport resistance “inside” the pore, surface
diffusion along the adsorption layer can play an important role in determining the overall gas flux.

Gases such as CO,, CHa, and SFs are adsorptive on graphene,*#°

and the adsorption layer provides
another pathway to the pore besides direct impingement from the bulk (as described in the effusion
mechanism).***’ Sun and Bai modeled the surface pathway as a parallel transport resistance,*® but a
quantitative and validated description of this regime is lacking in the literature. The pore diameter range
associated with this regime is not yet clear.

(4) Activated translocation. When the pore diameter D, further decreases below 2Dy~3Dp, the
repulsive interactions from the pore rim atoms become significant, leading to an energy barrier (or
activation energy) E, associated with pore translocation. In this activated regime, the translocation step
associated with crossing the pore can be assumed to be the rate-limiting step, and the gas permeance K
is related to the energy barrier £, in the form of the Arrhenius equation K = Aexp(-E./ksT), where 4 is
the prefactor. The energy barrier is highly sensitive to the atomic structure of both the gas molecule and
the graphene pore. Therefore, the activated regime is of particular interest because ultrahigh gas
selectivity could be achieved based on strong molecular sieving. However, it is also the least understood
regime in terms of detailed theoretical description.

Ab initio calculations have been carried out to determine the energy barrier £,,>>4

but they are
computationally expensive and restricted to small-scale systems. Large-scale molecular Dynamics (MD)
simulations**48.65% or combined MD and ab initio simulations®' % have also been carried out, but the

lack of analytical equations limits the efficiency of predicting activated gas permeation through

graphene nanopores. Figure 1-2a summarizes the simulation results of gas permeation through graphene
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nanopores resulting from the studies referenced above. The gases considered in Figure 1-2a include Ho,
He, H,O, CO,, N,, O,, CHs, H,S, Ar, SFe, ethane, and ethene. Motivated by Equation (1-4), the gas
permeances per pore plotted on the y axis in Figure 1-2a are multiplied by m!? to offset the effect of
gas molecular weight. Meanwhile, the pore diameter D, on the x axis is normalized by the gas kinetic
diameter Dn, to offset the difference in kinetic diameters of the various gases. As shown in Figure 1-2a,
the m'?-corrected gas permeance per pore generally increases as Dy/Dy, increases, with a transition at
Dy/Dr, ~ 1. The high energy barrier of pore translocation when Dy/Dy, < 1 leads to an exponentially
reduced gas permeation. In contrast, the permeance increase when Dp/Dy > 1 is much milder. The
transition approximately matches the experimental results of gas permeation through individual

graphene nanopores.'® % Despite the general trend, Figure 1-2a still shows a considerable discrepancy

between the simulation studies.
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Figure 1-2. (a) Compilation of simulation and experimental data of gas permeance per pore (normalized
by gas molecular weight) as a function of pore diameter (normalized by gas kinetic diameter). The
simulation methods include MD,* #3659 gp initio calculations,?>**%* and a combination of both,?'~18
and the experimental results are from ref. '% and ref. ''°. (b) Compilation of simulation and experimental
data of Ha/N», Ho/CH4, and CO»/CHy selectivities as functions of permeance per pore (permeance per

pore of H» for the Ha/N; pair, of H, for the H»/N; pair, and of CO; for the CO»/CH4 pair). Data sources
are the same as in (a).

Figure 1-2b summarizes the selectivity-permeance trade-offs of H2/N», Ho/CHs, and CO»/CH4
separations, using the same compilation of dataset as in Figure 1-2a. Compared to Figure 1-2a, the

datapoints in Figure 1-2b are even less organized. Generally, Ho/CH4 exhibits the highest selectivity
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because it has the largest kinetic diameter difference (0.289 nm vs. 0.38 nm), followed by H»/N, (0.289
nm vs. 0.364 nm), and then CO»/CH4 (0.33 nm vs. 0.38 nm).>® The large discrepancies observed in

Figure 1-2 suggest the need for a reliable theoretical model that unifies the simulation results.

1.3 Experimental Challenges

The final goal of developing nanoporous graphene membranes is to utilize them for industrial separation
processes. Because graphene membranes can potentially exhibit much higher gas permeances than
conventional polymeric membranes, the membrane area, and subsequently, the size of the permeation
module, can be substantially reduced while maintaining the same gas outflow. However, major
challenges remain in order to fabricate single-layer graphene membranes that qualify for real gas
mixture separation applications, regarding advanced graphene perforation methods and scaling up the
membrane area.

The first major challenge is to develop a reliable, scalable, and controllable method of creating
graphene nanopores. The almost complete impermeability of graphene implies that they need to be
perforated in order to obtain practically meaningful gas permeances. The perforation process, or the
pore creation process, is undoubtedly the key step that determines the gas separation performance of a
graphene membrane. In order to simultaneously yield high gas permeance and high selectivity, the areal
pore density in graphene should be high, and the pore sizes should fall into the activated regime
(typically < 1 nm) for effective molecular sieving. Because of their high scalability, currently, the most
frequently used perforation strategies include ion beam bombardment, oxidative etching, and intrinsic
defect formation during chemical vapor deposition (CVD). Below, these perforation methods are
discussed one-by-one.

(1) Ion bombardment. The rationale behind this method is quite straightforward — high energy
ions hit graphene and remove carbon atoms by collision. Celebi ef al. used Ga-based and He-based
focus ion beam (FIB) to perforate double-layer graphene and demonstrated the gas separation capability
of graphene membranes for the first time.!!! The pore diameters in this study ranged from 7.6 nm to 1
um, covering the transition from the effusion-dominated regime to the collective flow regime. Later,

Ga" ion beam was used to perforate double-layer graphene!!? and triple-layer graphene''® and yielded
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approximately Knudsen selectivities. Recently, ion bombardment is more often used for pore nucleation.
Liu et al. used He" ion bombardment to perforate double-layer graphene.''* Boutilier et al. used Ga*
ion bombardment to trigger pore nucleation in single-layer graphene and then expanded the pores by
oxygen plasma.!'"® Similarly, Schlichting and Poulikakos nucleated pores in double-layer graphene by
Ga" ion bombardment and then expanded the pores by O, gas at 300 °C.!'® In general, the gas
selectivities of the ion bombarded graphene membranes could exceed the Knudsen selectivities, but

rarely exceeded 10 (blue circles in Figure 1-3).
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Figure 1-3. Compilation of experimentally measured H»/CH4 and CO»/N; separation performances by
graphene membranes in a selectivity-permeance Robeson plot. The experimental results are categorized
by perforation methods, including ion beam bombardment (some followed by additional chemical
etching),!'!"!17 oxidative etching,''® !> and intrinsic defect formation during chemical vapor deposition
(CVD).!8.120.12L.1257130 The Robeson upper bounds for polymers are plotted assuming 1 pm thickness.'!

(2) Oxidative etching. This has recently become a frequently used method to perforate graphene
because of its low requirement for equipment and high scalability. So far, the etchants utilized to
generate nanoporous graphene membranes for gas separation include ozone (O3), oxygen plasma, and
O at a high temperature. Koenig et al. used ultraviolet light to generate O3 from air, which then
generated a handful of sub-nanometer pores in double-layer graphene exhibiting H»/CHj4 selectivity >

10*.'% In spite of the low areal pore density, this study showed the high promise of the oxidative etching

method. O’Hern ef al. used KMnOy in an acid solution to expand single-layer graphene nanopores

26



nucleated by ion bombardment, and then used the resulting single-layer graphene membranes for ion
separation and nanofiltration.!*!"!3? Surwade ef al. used oxygen plasma to etch single-layer graphene
and obtained high salt rejection rates and impressive water permeabilities through the nanoporous
single-layer graphene membranes.'** These studies inspired researchers to apply the oxidative etching
methods to fabricating graphene membranes for gas separation. Huang et al. exposed CVD-grown
single-layer graphene to O3 at various temperatures ranging from 25 to 100 °C and improved the H»/CH4
selectivity to 17 while maintaining a H, permeance of 1.3x10° GPU.!? He et al. used oxygen plasma
to generate nanopores in single-layer graphene with an areal density of ~10'® m™ and obtained a CO2/N,
selectivity of 12 and a Hy/CHy selectivity of 16.!'%!2! Since then, O; and oxygen plasma treatment have
been frequently reported to nucleate and expand pores in graphene.!'*!2%125 Zhao et al. proposed a two-
step procedure: single-layer graphene was first exposed to oxygen plasma to create a high density of
pore nuclei, and was then treated by O3 for controllable pore expansion, which further improved the
Ho/CHy selectivity to 29.122 Huang et al. used a short burst of O; for pore nucleation in single-layer
graphene and then expanded the pores by O» at 200 °C, resulting in CO»/N, selectivities of 24 and CO,
permeances ~10* GPU.'?* As shown by the blue and orange squares in Figure 1-3, graphene membranes
perforated by oxidative etching methods generally performed better than those perforated by ion
bombardment. The oxidatively etched graphene membranes not only exhibited selectivities which are
higher than the Knudsen selectivities, but also surpassed the 2008 Robeson upper bound of polymeric
membranes for Hy/CH, separation (assuming 1 pum thickness).'" The CO»/N: upper bound of polymers
has rarely been surpassed because polymeric membranes can be tuned to preferentially absorb CO; due
to its stronger electrostatic interactions than those of N».

The two strategies discussed above (ion bombardment and oxidative etching) are top-down
approaches. In other words, pores were created by removing carbon atoms from “high-quality graphene”
synthesized by chemical vapor deposition (CVD) or mechanical exfoliation. These etching-based
methods have a major disadvantage: both pore nucleation and pore growth are enhanced as the energy
input for etching increases. As a result, one needs to increase the energy input for etching to attain a
higher pore density in graphene, but this also causes the pores to grow larger and become less selective.
This undesirable outcome decreases the overall gas separation performance of graphene membranes.
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(3) Intrinsic defect formation during chemical vapor deposition. Apart from the top-down pore
creation methods, a promising alternative method is to control the formation of intrinsic defects in
graphene during its CVD synthesis. Defects in CVD-synthesized graphene consist of mainly two types:
nanometer-scale intrinsic defects and micrometer-scale large tears. The latter is not favorable for gas
separation purposes because such tears lead to non-selective collective gas flow. Boutilier et al. studied
the gas separation properties of graphene with large tears and showed that the gas selectivity could be
improved by stacking multiple graphene layers and by carefully engineering the gas transport resistance
through the support that carried the graphene membrane.!'?® Unfortunately, the existence of large tears
in the graphene membranes limits the gas selectivity below the Knudsen selectivity. Later, the
development of mechanical enhancement methods prevented the large tears from forming and allowed
the gas separation properties of the nanometer-scale intrinsic defects to be measured. Huang et al.
showed that the intrinsic defects in CVD-grown SLG could yield a H,/CHy selectivity of 22.1%° Khan et
al. synthesized SLG by CVD using benzene as the precursor, and the benzene-derived SLG exhibited
a Ho/CH, selectivity of 8 and a H, permeance of 1152 GPU at 150 °C."?® Other researchers have also
measured close to or slightly higher than the Knudsen selectivities through intrinsic defects in
SLG.!25129.130 These results show that the intrinsic defects in graphene have the potential to be highly
gas sieving. However, the formation mechanism of the intrinsic defects was the least understood among
the three perforation methods, and it led to low controllability and mediocre gas separation
performances (blue triangles in Figure 1-3).

The second major challenge is to scale up the area of the graphene membranes. Although single-
layer graphene is mechanically strong on a microscopic scale due to the strong C—C bonds, it is
macroscopically fragile and is easily ruptured, especially when it comes in contact with liquids with
high surface tensions during transfer or when it is suspended over a hole in a supporting substrate. '3+
136 In fact, the probability of membrane failure significantly increases when a membrane is suspended
over a larger hole.!*® Therefore, a reasonable strategy to scale up the membrane area is increasing the
number of holes in the substrate. However, a single membrane crack on one hole can cause the entire
membrane array to lose gas selectivity. For example, the overall survival rate of a graphene membrane
on a 100-hole array is only 37% even if its survival rate on each hole is 99% (0.99!%° = 0.37).
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The third major challenge is to narrow the pore size distribution in the graphene membranes.
Ideally, all the pores are of the same size and are highly gas selective. In this case, the pore size
distribution is a degenerate distribution for discrete pore sizes, or is a delta function for continuous pore
sizes. However, pores in graphene membranes created by the top-down etching-based methods typically
have a wide pore size distribution which shows a long right tail (right-skewed).!!$124131132 The Jong
right tail of the pore size distribution is unfavorable for a high gas separation performance. In spite of
their low fraction among all the pores, the large pores in the right tail can dominate the overall gas
permeance and are less gas selective. In order for the entire graphene membrane to preserve high gas
selectivity, the right tail needs to be kept short. However, that would cause the majority of the pores to
become too small to contribute any gas permeance, leading to a trade-off between permeance and
selectivity. A wider pore size distribution lowers the upper limit of the permeance-selectivity trade-off.
This effect of the pore size distribution applies not only for graphene membranes, but also for polymeric
membranes. Polymers with soft chains and flexible pore structures have wider pore size distributions,
and therefore, have been outperformed by semi-rigid polymers (e.g., polymers of intrinsic
microporosity and thermally rearranged polymers) and rigid molecular sieves (e.g., carbon molecular
sieves, zeolites, and metal-organic frameworks).’ Unfortunately, the strategy of narrowing the pore size
distribution in the case of polymers has not been directly transferrable to graphene membranes because,
currently, most graphene pores are created by etching methods. In contrast, pores in polymers are

formed in the interspace between the polymer chains through a bottom-up assembly process.

1.4 Thesis Objectives and Overview

With the theoretical challenges (Section 1.2) and the experimental challenges (Section 1.3) in mind, the
overarching goal of my thesis is (1) developing a comprehensive theoretical framework to predict the
gas permeance through a nanoporous graphene membrane, and (2) fabricating nanoporous single-layer
graphene membranes with high gas permeances and high selectivities. In order to achieve these goals,
the following thesis objectives were accomplished and will be presented in each chapter of this thesis.
In Chapter 2, I investigate the gas permeation mechanism through graphene nanopores in the

activated regime. The key goal in this objective is to propose an efficient method to predict the prefactor
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A and the energy barrier E,, and then to predict the gas permeance per pore II through any nanopore
structure in the activated regime. To accomplish this objective, the applicability of the Arrhenius
equation needs to be confirmed by carrying out molecular dynamics (MD) simulations at various
temperatures. Equipped with this method, gas permeances through a large library of pore structures can
then be predicted with high throughput.

In Chapter 3, I investigate the gas permeation mechanism through graphene nanopores across
multiple regimes. Although the activated regime is the most interesting, other gas permeation regimes
should also be investigated. This is because the activated regime requires sub-nanometer pore diameters,

which imposes a strong constraint in actual experiments.'?!

Therefore, it is useful to model the gas
permeation mechanism in a unified manner, such that the transition between the activated regime and
the effusion regime can be described analytically. Furthermore, the resulting unified model should also
incorporate the surface pathway. In this manner, the significance of the surface pathway can be
examined.

In Chapter 4, I predict the gas separation performances of graphene nanopore ensembles having
realistic pore size distributions. Chapter 2 and Chapter 3 report predictions of the gas permeance through
a graphene pore with any given diameter D,. However, in order to match the theoretical predictions to
experimental data, the pore size distribution in actual graphene membranes should be considered. When
created in a graphene lattice by an etching method (the predominant way to create nanopores), the
nanopores are distributed in terms of their sizes and shapes, instead of being identical.'!> 131137 Therefore,
this research objective involves (i) simulating the pore size and shape distributions of nanopores
generated by etching, (ii) predicting the gas permeance through each nanopore, (iii) adding up the
permeances, and (iv) comparing the predicted total gas permeances and selectivities with those
measured experimentally.

In Chapter 5, I demonstrate stable, temperature-dependent gas mixture separation through single-
layer graphene membranes. To directly measure the gas mixture separation performance of graphene
membranes, a homemade gas permeation module connected to a real-time mass spectrometer was built.
In this way, gas permeances of multiple components from a mixture can be measured by sweeping the
permeated gases to the mass spectrometer. Furthermore, the permeation measurements were carried out
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at different temperatures, in order to investigate if the gas permeation is activated. Single-layer graphene
was synthesized by CVD, and intrinsic defects in CVD graphene were evaluated for their gas mixture
separation performances.

In Chapter 6, I attain both high gas permeance and selectivity using single-layer graphene with
intrinsic defects. According to the theoretical study by Wang et al., the formation of the intrinsic defects
during CVD is triggered by the random insertion of catalytic metal atoms into the front-most graphene
edge during growth,'3® which is decoupled from oxidative etching. The CVD synthesis conditions for
graphene is tuned to increase the density of these intrinsic nanopores. This can be done without
significantly increasing the sizes of the nanopores themselves, which is important because it allows
graphene membranes to present higher gas permeances while maintaining high selectivities.
Furthermore, 1 scale up the area of the graphene membranes by 10000 times by mechanical
enhancement using a highly gas permeable support layer.

In Chapter 7, I conclude my thesis by summarizing all the key findings in Chapters 2—6, and

discussing my insights and potential future research directions.
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2  Mechanism of Gas Permeation through Graphene

Nanopores in the Activated Regime

2.1 Introduction

Permselective membrane technology is gaining attention in the field of gas separation.®!3* The rise in
energy cost makes conventional technologies (e.g., cryogenic distillation of air, condensation of organic
vapors, and amine absorption of sour gases) unfavorable, because they involve energy-intensive phase
changes.® Membrane separation consumes less energy, requires no addition solvents, and utilizes

smaller separation units."*® Various types of materials have been used as separation membranes,

11,12,141 13,142

including polymers, zeolites, metal organic frameworks (MOFs),'*!* and carbon-based

materials. >4

Rapid advances in graphene technology provides opportunities for breakthroughs in permselective
membranes.'*® The permeance (the permeante flux normalized by the pressure difference between the
feed and the permeate sides) of a membrane is inversely proportional to the membrane thickness.?
Therefore, the one-atomic-layer thickness of graphene makes it a promising platform for developing
gas separation membranes. In addition, the outstanding mechanical strength of graphene allows it to
withstand large tensile forces.?® 146

A perfectly crystalline graphene sheet is almost impermeable, even to small gas molecules such as
helium.*' In order to attain a high gas permselectivity, pores with sub-nanometer diameters should be
created on the graphene basal plane. This is because the pore size should be comparable to the size of
gas molecules in order to sieve them. Experimentally, ion bombardment followed by oxidative
etching'®!' and electron beam exposure'¥” were used to perforate single-layer graphene and create sub-
nanometer-sized pores. Ultraviolet-induced oxidative etching was also used to introduce a small number

of angstrom-sized graphene pores, and the detected pressure-normalized permeation rates of H, and

CO; ranged from 102 to 102! mol ™! Pa!,10%110.148
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Computational tools can be used to gain a deeper understanding of gas separation using porous
graphene membranes. Among these, electronic structure density functional theory (DFT) was used to
calculate the energy barrier for gas molecule translocation across a graphene pore.”>#2%37 Large
separation factors for various gas pairs were predicted due to large differences in the translocation
energy barriers corresponding to different gases. Unfortunately, due to its high computational cost and
small simulation size requirement, DFT cannot directly predict gas permeance by simulating a large
number of gas molecules. Accordingly, large-scale molecular dynamics (MD) simulations were carried
out in order to estimate the gas permeance in a more direct manner, including investigating the

46.47.66.68.79.95 1t is noteworthy that the adsorption of gas molecules

mechanism of molecular permeation.
on graphene was found to play a significant role in gas permeation through graphene pores, particularly
in the case of large and adsorptive gases, including N»,*” CO,,7* and CH,.*¢

Although the studies listed above provide mechanistic understanding of gas permeation through
graphene nanopores, there remain at least three critical challenges: (1) More accurate and efficient
permeance estimations. The existence of an energy barrier for permeation typically leads to a small
exponential term and a small permeance, particularly for smaller pores where the energy barriers are
large. Therefore, the permeation of gas molecules through porous graphene becomes a rare event of a
highly stochastic nature.””-” As a result, long simulation times and multiple trials are required to fully
capture the permeation behavior, which results in low efficiency and accuracy in permeance estimations.
(2) A need for quantitative equations to calculate permeances. Although some influential factors (such
as the energy barrier and the surface adsorption) were identified,”*” their effects have not been
quantified in an analytical form. (3) Systematic consideration of a library of pore sizes and shapes.
Because of (1) and (2) above, only some sample graphene pores were investigated, which does not
comprehensively describe the actual experimental graphene system where the pore structure is
polydisperse.'*

With the above in mind, in this chapter, I study the permeation of CO,, CHa4, and O, gases through
several sample graphene pores at various temperatures. Particular attention is paid to the separation of
CO,/CHj4 because it constitutes an important step in the processing of natural gas,’ and is also one of
the most well investigated gas pairs for membrane separation.!! For comparison, I also study the
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permeation characteristics of O, a representative smaller gas molecule. Calculating and analyzing gas
permeation in an MD simulation framework, I show that the permeation of adsorptive gas molecules
through sub-nanometer pores can be decoupled into two steps: (1) adsorption to the pore mouth, and (2)
translocation through the pore. The rate of translocation can be fitted by an Arrhenius-type equation,
whose parameters can be quantitatively predicted using transition state theory.'S%!*! In addition, I
propose an algorithm to allow rapid calculation of gas permeances per pore for a graphene pore library,
including generating a Robeson plot for the CO,/CH4 gas pair. Based on the predicted Robeson plot, I

obtain an upper bound for the gas permeation performance of porous graphene membranes.

2.2 Analytical Model

In previous work, Drahushuk and Strano analyzed the mechanism of gas permeation through a single
layer porous membrane as a series of consecutive kinetic steps, including proposing corresponding
theoretical expressions for the cases where some are rate limiting.!? Specifically, the permeation
pathway via the surface adsorption layer was modeled as consisting of the following five steps: (1)
adsorption of a gas-phase molecule onto the graphene surface, (2) association of the surface-adsorbed
gas molecule onto the pore mouth (above the pore), (3) translocation of the pore-associated gas
molecule to the other side of the graphene surface, (4) dissociation from the pore mouth to the graphene
surface, and (5) desorption from the graphene surface to the bulk. A similar adsorption-translocation
model has been proposed by Tian ef al.'>* Typically, for a sub-nanometer pore and an adsorptive gas,
the translocation (step 3) is activated (i.e., the gas molecule needs to overcome an energy barrier to
translocate through the pore). As a result, the translocation step is rate-limiting due to its slowest kinetics,
and the other four steps are in equilibrium (Figure 2-1a).!* Therefore, at steady state, the rate of
permeation is equal to the rate of translocation. Assuming first-order kinetics (since no intermediate
states exist), the permeation rate dN /dt (number of permeated gas per unit time per pore) should be
proportional to the number of pore-associated gas molecules Ny o, that is:

dN
E = ktranszore (2-1)
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where the proportionality constant is referred to as the translocation coefficient ki.5,5. The permeance
per pore, I1, can be obtained as the ratio of the permeation rate dN /dt to the pressure difference Ap

between the feed side and the permeate side, separated by the graphene membrane, that is,

1 dN Npore

= Apdt = Ktrans “Ap (2-2)
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Figure 2-1. (a) Schematic illustration of the mechanism of gas permeation through a sub-nanometer
graphene pore. (b-d) Typical graphene pores studied in this chapter: pore 16a, 13a, and 10a. The pores
in the chapter are designated in terms of the number of carbon atoms removed; “a” is an identifier. More
pore configurations (e.g., pore 16b) will be introduced later. Grey spheres denote carbon atoms, and
green spheres denote hydrogen atoms. The pore sizes are given in (b-d) in angstrom. The sizes are
measured as the distances between the nuclei of opposite hydrogen atoms.

In this chapter, the permeance per pore, I1, with an SI unit of mol Pa™!' s”!, is defined as the pressure-
normalized permeation rate for a single pore. Note that this definition is different from the commonly

used definition of permeance as the pressure-normalized flux (unit: mol m™ Pa! s'). For clarity, the

commonly used definition of permeance is referred to as the “permeance per surface area”.
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In the simulations discussed in this chapter, the permeate side of the membrane is maintained in
vacuum to eliminate reverse permeation, and therefore, the pressure difference Ap equals the bulk
pressure p on the feed side.

Henry’s law states that the amount of dissolved gas in a liquid is proportional to its partial pressure
in the gas phase.*' This proportionality constant, also known as the solubility constant or the Henry’s
Law Constant, describes the equilibrium of the gas in the liquid and in the gas phases. In the case of gas
permeation through a graphene nanopore, the equilibrium between the pore-associated gas molecules
and the bulk gas molecules can also be modeled in the context of phase equilibrium. In analogy to the
Henry’s Law Constant introduced to model liquid-gas phase equilibrium, here, a pore Henry’s
coefficient Hyqre 18 introduced as the ratio of Npore and the bulk pressure p to model the equilibrium of
pore association:

N,
Hpore = "p (2-3)

Therefore, according to Equations (2-2) and (2-3), and because Ap = p in my simulatons, the
permeance per pore Il can be expressed as follows:

IT= ktransHpore (2-4)

2.3 Model Validation by Molecular Dynamics Simulations

The main hypothesis embodied in Equation (2-4) is that the translocation coefficient ki ., only
captures the interaction between the pore and a single gas molecule, and is therefore independent of the
bulk gas pressure. In order to validate Equation (2-4), I simulated the permeation of CO,, CH4, and O»
through pores 16a and 13a (Figure 2-1b, c) at various temperatures and pressures. The permeances per
pore were determined using the escape time method in the context of an MD simulation framework (see
Section 2.8 for more details). Note that generally, the MD simulation results could depend on the force
fields used. Here, I utilized the Transferable Potential for Phase Equilibria (TraPPE) Force Field'** to
model the non-bonded interactions of CO,. The TraPPE Force Field was trained to reproduce the vapor-
liquid equilibria of CO2, N, and alkanes. To test the sensitivity of the simulated results on the force

field chosen, I also used the Elementary Physical Model 2 for comparison, and found that the differences
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between the two force fields are minor (Table 2-4 in Appendix 2.9.1).'*> In my simulations, the bulk
phase was defined as the region extending beyond 3 nm from the graphene surface, where the gas
density profile approaches a constant value (Figure 2-8a, b in Appendix 2.9.2). The pore mouth region
was defined as a cylinder with a radius of 0.4 nm and a height of 0.5 nm, whose axis crosses the pore
center and is normal to the graphene basal plane. The volume of the pore mouth region was determined
based on the gas density profile in the vicinity of the pore (Figure 2-8c, d in Appendix 2.9.2). Note that
small variations in the size of the pore mouth region do not affect the validity of the results (Figure 2-9
in Appendix 2.9.2). The number of pore-associated gas molecules and the bulk gas density were
calculated as the time average of the number of gas molecules in the pore mouth region and in the bulk
region, which are counted during the simulation. The time interval for each counting was 2 ps, and more
than 10° countings were done during a typical simulation. The simulations were carried out in the NVT
ensemble. The bulk pressure p was calculated using the bulk gas density and the temperature in the
equation of state for each gas. For this purpose, I utilized the open-source program CoolProp,'*® which
integrates the equations of state for CO,,'>” CHa,'*® and O,.'**1%° The pore Henry’s coefficients were
then deduced using Equation (2-3).

The simulated permeances per pore and pore Henry’s coefficients of three gas—pore combinations
are shown in Figure 2-2. Figure 2-2a shows the simulated permeances per pore of CO, through pore
16a under various feed side pressures at temperatures ranging from 300 K to 700 K. Note that the force
field used may not accurately capture the “real” intermolecular interactions at elevated temperatures,
because it was originally developed at room temperature. However, by considering a fictitious gas
which satisfies the force field used over the entire temperature range studied, valuable mechanistic
information can be obtained, including the energy barrier and the heat of adsorption. It is expected that
the values of the important energetic terms of the fictitious gas and the “real” gas will converge at room
temperature, where the force field was calibrated. Figure 2-2b shows the corresponding simulated pore
Henry’s coefficients at the same conditions as those in Figure 2-2a. Note that for the CO,—pore 16a case,
the variations of the simulated permeances per pore and pore Henry’s coefficients with pressure are
very similar, suggesting a proportional correlation between these two quantities. At temperatures higher
than 400 K, both the simulated permeances per pore and the pore Henry’s coefficients decrease slightly
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at low pressures and approach a constant value at high pressures. At 300 K, both of these quantities
decrease significantly as the pressure increases from 1x10° to 5x10° Pa. This result is consistent with
the Brunauer—Emmett-Teller (BET) theory, where the heat of adsorption for the first layer is greater
than that for the subsequent layers.!®' This implies that gas molecules have a higher tendency to be
adsorbed to a solid surface when the surface coverage is low. When the bulk gas pressure is high, the
surface coverage increases and the adsorbent—adsorbent interactions hinder additional gas adsorption.
Similarly, the tendency of the first molecular association to the pore mouth is greater than that for the
subsequent associations. This leads to a higher pore Henry’s coefficient in the low pressure range. Note
that this behavior is not strictly observed in the CO»—pore 13a case. This may be because the permeances
per pore through pore 13a are much lower than those through pore 16a, and the corresponding error
ranges are much larger (Figure 2-2¢). The increase of the simulated permeance per pore and pore
Henry’s coefficient observed at 300 K at pressures which exceed 20x10° Pa is due to a substantial
reduction in the compressibility factor as the critical point of CO, (304 K, 72.8x10° Pa) is approached
(Figure 2-10 in Appendix 2.9.3). This critical phenomenon-related behavior is reproduced using the

force field used.'*
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Figure 2-2. (a) Simulated permeances per pore and (b) simulated pore Henry’s coefficients of CO;
through pore 16a at various temperatures and pressures. (c) Simulated permeances per pore and (d)
simulated pore Henry’s coefficients of CH4 through pore 16a at various temperatures and pressures. (€)
Simulated permeances per pore and (f) simulated pore Henry’s coefficients of CO» through pore 13a at
various temperatures and pressures.

Similar comparisons can be made for CH4 (Figure 2-2¢, d) and O» (Figure 2-11 in Appendix 2.9.3),
which further confirm the proportional correlation between the simulated permeances per pore and pore
Henry’s coefficients for these two gases. When the pore shrinks from pore 16a to pore 13a, the simulated
permeance per pore of CO» decreases by two orders of magnitude, from 10! to 10** mol s! Pa™! (Figure

2-2e¢ vs. Figure 2-2a). However, the pore Henry’s coefficient does not significantly change as the pore

diameter is reduced (Figure 2-2f vs. Figure 2-2b).
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In general, the permeance per pore II, the pore Henry’s coefficient Hyqre, and the translocation

coefficient ki .ns, all depend on both temperature and pressure. In the high pressure range, these
quantities are not pressure-dependent, and therefore, are only functions of temperature. Figure 2-3a
shows the temperature dependence of the simulated permeances per pore of CO,, CH4, and O, through
pore 16a averaged over the high pressure range (> 2x10° Pa). For these three gases, the permeances per
pore are decreasing functions of temperature. The permeance per pore Il can be fitted to an Arrhenius

equation, that is:

E
[(T) = Agppexp (— ;*‘Tpp) 2-5)

where Ej ap, 18 the apparent energy barrier, A,py, is the apparent pre-exponential factor (abbreviated as
prefactor in the following), and R is the gas constant. Correspondingly, all energies are expressed on a
molar basis in this chapter.

By linear fitting of In [T1(T)] to T2, the apparent energy barriers E, app can be obtained (Figure
2-12a in Appendix 2.9.3). Note that the deduced apparent energy barriers are negative in these cases
(e.g., -7.2 kJ mol! for CO,), which is different from the normal definition of an energy barrier. This
contradiction is resolved as follows. According to Equation (2-4), gas permeation through a pore
involves two steps: pore-association and translocation (quantified by Hpore and kirans, respectively).
Figure 2-3b shows the temperature dependence of the pore Henry’s coefficients, which is subsequently
fitted to the van’t Hoff equation to extract the heat of adsorption AH, 45 (Figure 2-12b in Appendix 2.9.3)
as follows:*!

o) 29

Hpore(T) = Aporeexp (_ RT
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Figure 2-3. (a) Simulated permeances per pore of CO,, CHs, and O, through pore 16a averaged over
the high pressure range at various temperatures. (b) Simulated pore Henry’s coefficients of CO,, CHa,
and O above pore 16a averaged over the high pressure range at various temperatures. (c) Translocation
coefficients calculated at various temperatures and pressures for CO». (d) Temperature dependence of
the translocation coefficients of CO,, CH4, and O, through pore 16a, and (e) related Arrhenius fitting
results. (f) Convergence of the translocation prefactors of CO,.

Note that the heats of adsorption are typically negative, suggesting an exothermic pore-association
step (Table 2-1). I also studied the temperature dependence of the surface adsorption on the graphene
lattice away from the pore, and calculated the associated heat of adsorption AHSYE'. It can be found that

the heats of adsorption corresponding to pore association and surface adsorption are similar, supporting

the assumption that the permeation steps prior to translocation are at equilibrium (Figure 2-13 in
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surf

Appendix 2.9.3). The heat of adsorption on the graphene surface AH 45 is consistent with both

4345

experimental and simulation results, with a certain overestimation due to entropic effects.

Table 2-1. Apparent energy barrier, heat of adsorption, energy barrier, and translocation prefactor, all
deduced from a temperature fitting of the MD simulation results for four gas—pore combinations.

Gas—pore Apparent energy Heat of adsorption Energy barrier Translocation
barrier (kJ mol ™) (kJ mol ™) (kJ mol ™) prefactor (10'° s1)
COx-16a -72+1.2 -11.1£0.8 3.9+0.6 0.81 +0.08
CH4—16a -4.7+0.6 -8.0+0.9 33+£1.3 1.06 £0.15
02-16a 7.9+ 1.0 -71.7+04 -0.2+0.9 2.02+0.13
COx-13a -1.8+ 1.0 -13.1+0.8 11.3+1.7 0.32+0.05

Figure 2-3c¢ shows the translocation coefficients kipyns 0f CO, through pore 16a calculated
according to Equation (2-4) (for the ki, results corresponding to CH4 and O», see Figure 2-12¢, d in
Appendix 2.9.3). The translocation coefficient is independent of pressure, further confirming the main
hypothesis embodied in Equation (2-4). In addition, the temperature dependence of the translocation

coefficient (Figure 2-3d) can be fitted to the Arrhenius equation (Figure 2-3e). Specifically,

E

kirans(T) = Atrans€Xp <_ R_;) (2-7)

The deduced “real” energy barriers E, correspond to the activation energy required during translocation
from the pore-adsorbed state on one side of the pore to the other side of the pore. The energy barriers
for CO, and CH, are 3.9 kJ mol™! and 3.3 kJ mol’!, respectively (also listed in Table 2-1). In contrast,
O; exhibits an energy barrier close to zero (-0.2 kJ mol ™) to cross pore 16a. According to Equations
(2-4) to (2-7), the apparent energy barrier, the heat of adsorption, and the “real” energy barrier are
related as follows:
Eqapp = AHags + E, (2-8)

For CO; and CHy across pore 16a, the heat of adsorption of pore association AH,q4s is greater than the
“real” energy barrier E, in absolute value (Table 2-1). Therefore, according to Equation (2-8), the

apparent energy barriers are negative in these cases. For O, the heat of adsorption is close to the

apparent energy barrier, implying a zero “real” energy barrier.
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Translocation prefactors A¢ans can be calculated using Equation (2-7). The translocation
prefactors of CO, are shown in Figure 2-3f, and their values are close to each other, independent of
temperature and pressure. Similar results can be observed for CHs and O, (Figure 2-12e, f in Appendix
2.9.3). Therefore, the translocation prefactor depends solely on the gas type and pore configuration. The
translocation prefactor corresponds to the frequency of crossing attempts (in units of s'), while the
translocation coefficient corresponds to the frequency of successful crossing attempts (in units of s!).
Note that the calculated prefactors are of the order of 10'° 5™, smaller than previously reported values
(1083 or 10'"! s71).25% 1t is also noteworthy that a similar overestimation of the prefactors was reported
in the case of benzene transport in zeolites.'®? Values of energies and prefactors deduced from the fitting
procedures discussed above are reported in Table 2-1. Confidence intervals in this chapter are reported
at the 95% confidence level. A detailed analysis of the CO,—13a gas-pore combination is shown in

Figure 2-14 in Appendix 2.9.3.

2.4 Transition State Theory Prediction

In order to efficiently determine the permeance per pore, the pore Henry’s coefficient and the
translocation coefficient need to be evaluated separately (Equation (2-4)). Adsorption isotherms, which

45163 or computationally.*** It is

are related to the Henry’s coefficient, can be obtained experimentally
noteworthy that simulation of adsorption is not computationally expensive because it does not involve
the detection of a rare event, which is time consuming.

On the other hand, the evaluation of translocation coefficients necessitates an in-depth theoretical
understanding to overcome the large computational cost that characterizes rare event simulations. For
example, a typical simulation box contains 200 CO, molecules and two graphene sheets, corresponding
to a gas pressure of ~ 2x10° Pa at 300 K. The simulation speed of this box is 0.6 hours (wall time) per
nanosecond (simulation time) using 8 processors in parallel. When the energy barrier is 10 kJ mol™!, the

expectation value of the elapsed time for one translocation event through pore is ~ 10 ns (simulation

time), corresponding to ~ 6 hr (wall time). If the energy barrier is 20 kJ mol™!, each translocation takes
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~ 30 days (wall time) on average. The computational cost grows exponentially as the energy barrier
increases.

Because the translocation step is associated with an energy barrier, it can be modeled as a chemical
reaction in the context of the transition state theory (TST). Recall that TST models the rate constant in

a classical barrier crossing event ktTrS;ls, such as a gas molecule climbing over a one-dimensional barrier,

as fOHOWS.150,151,164

exp[—A(z")/RT] ——I 0y 2 )
<t exp[—A(z)/RT]dz B Q(z < z%)

1;1ES= 0 2-9
ke I()If (2-9)

where z is the coordinate of translocation, which in the porous graphene membrane case under
consideration, corresponds to the direction normal to the graphene basal plane (Figure 2-1a), A4 is the
Helmholtz free energy, + denotes the transition state (TS), and |Z(0)] is the average velocity when a
molecule crosses the TS (the dot represents the first derivative with respect to time). The one half factor
is introduced because a molecule at the TS can move in both directions. In Equation (2-9), Q(z) is the

canonical partition function evaluated at a certain z coordinate, which is defined as follows:

A(z)] [ d7[d8 [[,exp[-E(x,y,2,8,7)/RT]dxdy
RT |~ [ d7 [ d8 [f,dxdy

Q(z) = exp [— (2-10)

where E denotes the potential energy of the gas—graphene system, (x,y,z) indicates the three-

dimensional coordinates of the center of mass of the gas molecule, 6= (0, 6,,0,) indicates the

rotation angles of a molecule about the x, y, and z axes, and 7" is a vector containing all the positional
information of all the atoms of the graphene membrane, which is held constant when the graphene
membrane is kept rigid. The kinetic energy contribution is not included in Equation (2-10), because in
a classical system, the kinetic energy only depends on the momentum of all atoms, and its contribution
in the canonical partition function can be separated out and is identical for all cases. In Equation (2-10),
the integrations are carried out within the pore mouth region (denoted as (1), in order to be consistent
with the definition of the translocation coefficient (Equation (2-1)). Because the canonical partition
function Q(z) represents the number of available microstates at each translocation coordinate z in the

canonical ensemble, it also represents the distribution of the gas molecule along the translocation

44



trajectory. Therefore, hereafter, Q(z) will be referred to as the relative distribution function of a gas
molecule. Note that Q(z) is not a normalized distribution function. Instead, it is the distribution function
relative to the zero-free-energy position (by definition in Equation (2-10), Q(z) = 1 when A(z) = 0).

Accordingly, Q(z < z¥) is defined as:

Q(z<zH) = f exp [— %] dz

z<z¥
. . (2-11)
_ [d7[d6 ffszm exp [-E(x,y,2,6,7)/RT]|dxdydz

[d7[dé [[,dxdy

The ratio Q(z%)/Q(z < z*) corresponds to the equilibrium constant characterizing the quasi-
equilibrium between the TS and the adsorbed state (AS) on the feed side (as z < z* refers to the feed
side). This ratio represents the fraction of pore-associated gas molecules at the TS. The translocation
coefficient k;frifls can then be predicted by multiplying the ratio Q(z¥)/Q(z < z*) by the average

velocity corresponding to crossing the TS, |z(0)][, and the one half factor.
The “real” translocation coefficient k.., and the TST-predicted translocation coefficient ktTrSaTlS
(Equation (2-9)) are related as follows:

ktrans = Kk’rcrrSaTls (2'12)

where the transmission probability k accounts for recrossing.'®*

To further clarify, the transmission
probability x represents the likelihood that a molecule actually arrives at the AS on the permeate side
given that it has crossed the TS (0 < xk < 1). If the TS is a local energy maximum for a molecule, then
that molecule is not likely to recross once it crosses the TS, and k approaches 1 in Equation (2-12).
Therefore, k can be approximated as 1 if the energy barrier of translocation is substantially greater than
zero. On the other hand, if the TS is a local energy minimum (equivalent to a zero energy barrier), the
likelihood of recrossing is not negligible and ¥ < 1 in Equation (2-12).

The Helmholtz free energy curves A(z) of CO, and CH4 through pore 16a are shown in Figure
2-4a, b (the A(z) curve of O through pore 16a is shown in Figure 2-5a). The potential energy curves

E(z) are also shown as a reference. The free energy curves were calculated using the weighted

histogram analysis method;'®® the potential energy curves were obtained by directly evaluating Lennard-
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Jones and electrostatic pairwise interactions along the translocation trajectory, using the same atomic
force field as previously used (see Section 2.8 for more details). Here, the translocation coordinate z is
equivalent to the vertical distance from the center of mass of a gas molecule to the pore, and the TS is
located at z = 0. The free energy curve is different from the potential energy curve in the following
aspects: (1) the free energy curve depends on temperature and the potential energy curve does not, (2)
the equilibrium distance of the free energy curve (~ 0.3 nm) is larger than that of the potential energy
curve (~ 0.1 nm for CO, and CHa, 0 for O»), indicating that the entropic effect favors a shift away from
the pore, and (3) the free energy barrier is higher than the potential energy barrier, again suggesting an
entropic penalty for crossing the pore. The gas molecule’s geometric arrangement in the AS and the TS
depends on the gas type and the pore configuration (Figure 2-15 in Appendix 2.9.3).

The relative distribution functions Q(z) of CO, and CH4 through pore 16a are shown in Figure
2-4c, d (results of O, shown in Figure 2-5¢). For CO; and CHa, the distribution at the TS is extremely
low. The integral term Q(z < z¥) is equal to the area under the distribution function on one side of the
pore. When Q(0) approaches zero, one can approximate the integral as the area of a triangle, whose
height equals the maximum value of the distribution function, and whose base equals 2L (L is the half-
peak width, as shown in Figure 2-4d):

1

Q(z<z*)=J exp ——]dz=—-2Lexp[

_A(Zeqm) -1 [_A(Zeqm) (2_13)

RT RT

where Zgqp 1s the equilibrium distance. Note that the free energy attains its minimum value, and the
distribution function attains its maximum value, at Zeqy,. Substituting Equation (2-13) in Equation (2-9)

yields:
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Figure 2-4. (a, b) Free energy curves (left I axes) at 300 to 500 K, and potential energy curves (right I
axes) along the translocation trajectories of CO, and CH4 through pore 16a. (c, d) Relative distribution
functions along the translocation trajectories of CO; and CHa. (e, f) Linear fitting results of free energy
differences to temperature for CO, and CHa.

A(Z*) - A(Zeqm)
RT

1
Kurans = o7 12(0)exp |-

1 AA
= Ol (-) 14

where AA is the free energy difference from the AS to the TS. In an isothermal environment, the
definition of the Helmholtz free energy A = E — TS implies that:
AA = AE —TAS (2-15)

Therefore,
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IST 1 . AS AE
ktrans = Z |Z(0)|6Xp F exXp\ — E (2-16)
Assuming a transmission probability k¥ = 1, and comparing Equation (2-16) with Equation (2-7), it is

found that AE is equivalent to the energy barrier E,, and that the translocation prefactor can be

expressed as follows:

ST 1 AS
Atrans = Z |Z(0)|exp ? (2'17)

According to Equation (2-15), the energy barriers AE and the entropy differences from AS to TS
can be obtained by linear fitting of AA to temperature (Figure 2-4e, f, Figure 2-5b). The fitted AE values
are equal to 3.9 kJ mol! and 3.3 kJ mol™! for CO, and CHs, respectively, which is consistent with the
fitted E, values from large-scale MD simulations (Figure 2-3e and Table 2-1). These results confirm

the applicability of TST and the validity of assuming that k¥ =~ 1.
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Figure 2-5. (a) Free energy curves (left I axes) at 300 to 500 K, and potential energy curves (right y
axes) along the translocation trajectories of O, through pore 16a. (b) Linear fitting results of free energy
differences to temperature for O.. (¢) Relative distribution functions along the translocation trajectories

of O,.

Note that AE is -3.3 kJ mol! for O, (Figure 2-5b), which is different from the zero energy barrier
calculated from MD simulations. This is because the recrossing effect is not negligible in the case of
0., as O, experiences a local potential energy minimum at the center of pore 16a and may recross the
TS. An O; molecule tends to be attracted to the z = 0 plane in the energy well, but it needs to overcome
another barrier to dissociate from the energy well. These two effects balance each other, resulting in a

zero energy barrier. In other words, k¥ = exp(AE/RT), and

E, = max(AE, 0) (2-18)
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Although an O, molecule faces no potential energy barrier for translocation through pore 16a, a
free energy barrier still exists due to the entropic effect (Figure 2-5a), which is also the case for smaller
molecules like H, (Figure 2-17 in Appendix 2.9.4). This suggests that a gas molecule tends to reside a
certain distance away from the pore center at equilibrium, instead of residing at the pore center. This is
consistent with the physical meaning of the translocation step from one AS to the other.

The two methods discussed above to calculate the energy barrier (MD simulations and TST)
involve fitting of the free energy to temperature. Calculation of free energies requires sampling from

the entire phase space. Alternatively, one can directly calculate an energy barrier E, 4; as the difference

between the maximum and the minimum potential energies along the potential energy curve E(z)
(direct energy barrier method). More rigorously, the maximum point must be located between the two
symmetrical minimum points. Typically, the maximum potential energy is located at z = 0.

Table 2-2 reports energy barriers calculated using the three methods discussed above for eight gas—
pore combinations (additional details of free energy fitting from TST are presented in Figure 2-18 in
Appendix 2.9.4). The configuration of pore 10a is shown in Figure 2-1d. The last four combinations
require long computation time to observe translocation through the pore due to the high energy barriers
and subsequently low permeances per pore, and therefore were not obtained using large-scale MD
simulations. By comparing the direct method with the free energy methods, it is concluded that the
direct method can provide satisfactory estimations of the energy barriers. Note that the equilibrium
distance of the potential energy is closer to the TS than that of the free energy (Figure 2-4a, b and Figure
2-5a). My results suggest that the observed differences in the equilibrium distances do not undermine

the validity of the direct method. This is because the equilibrium distance of the free energy Qoqm shifts

towards the pore as the temperature decreases (shown in Figure 2-4), and could coincide with the
equilibrium distance of the potential energy as one extrapolates A4 to zero temperature, when 4 = E —
TS = E. For those cases involving O,, for which TST is not perfectly applicable, the direct method still
predicts a zero energy barrier by incorporating the recrossing effect implicitly, which is consistent with
the MD simulation result. In general, the direct method provides a quick and reliable method to calculate

the energy barrier. Other direct energy methods with higher accuracy (e.g., DFT) can also be utilized.
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Table 2-2. Comparison of the three methods used here to calculate the energy barrier.

Gas—pore E, from MD simulation AE from TST E, gir from direct energy barrier
(kJ mol™") (kJ mol ™) method (kJ mol ™)

CO,—16a 39+0.6 39+2.0 33

CHs—16a 33+1.3 33+0.5 33

0O>-16a -02+0.9 -3.3+0.8 0.0

COx-13a 11.3£1.7 9.6+2.3 10.4

CHs—13a n/a 20.0£2.0 22.3

0,-13a n/a -3.5+£0.5 0.0

CO»-10a n/a 82.4+74 82.3

02-10a n/a 66.5+4.3 59.1

2.5 Estimation of Entropy Penalties

Equation (2-17) provides a theoretical expression for the translocation prefactor Ay, in Equation (2-7).
The average crossing velocity |2(0)| can be approximated by the Maxwell-Boltzmann distribution.

Specifically,

2ksT
mm

(2-19)

12(0)[ =

where kp is the Boltzmann constant and m is the gas molecular weight. Therefore, Equation (2-17) can

be rewritten as follows:

1 |kgT AS

- [ )

Next, Equation (2-20) is used to quantitatively predict the translocation prefactor. The half-peak
width L of the relative distribution function can be estimated from Figure 2-4c, d and Figure 2-5c. At
300 K, L approximately equals to 0.15, 0.2, and 0.3 nm for CO,, CH4, and O», respectively. The entropy
difference AS from AS to TS is typically negative, representing the entropy penalty to cross a sub-
nanometer graphene pore. The translational, rotational, and vibrational degrees of freedom of a
molecule are hindered at the TS due to the restrictions imposed by the pore. The potential energy

landscape at the TS is much steeper than that at the AS, indicating stronger steric restriction at the TS
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(Figure 2-15¢, fin Appendix 2.9.3). The entropy penalties for CO,, CHa4, and O, through pore 16a are -
32.5, -30.3, and -20.5 J mol! K'!, respectively. According to Equation (2-20), I predict that the
translocation prefactor through pore 16a is 1.3x10'° s! for CO,, 2.1x10'° s! for CHs, and 3.2x10'° s°!
for O,. These theoretical estimations are all in good agreement with the MD simulation results (Table
2-1) within order-of-magnitude accuracy. Note that errors could stem from deviations from the
Maxwell-Boltzmann distribution, or from an inaccuracy in the estimation of L.

Equation (2-20) can be further validated by adding flexibility to the graphene sheet, which so far,
was assumed to be rigid. In large-scale MD simulations, the bond lengths, the angles, and the dihedrals
were allowed to fluctuate, while the carbon atoms at the periodic boundary were frozen to keep the
graphene sheet in place. As shown in Figure 2-6a, the graphene sheet slightly bends. The energy barrier

E, and the translocation prefactor A, are calculated for CO, and CH4 through pore 16a using the

same method shown previously (details shown in Figure 2-16 in Appendix 2.9.3). When flexibility is
added to the graphene sheet, the energy barrier decreases by about 0.7-0.8 kJ mol! (Figure 2-6b vs.
Table 2-1), and the translocation prefactor increases by ~ 50%, compared to the case of rigid graphene
(Figure 2-6¢ vs. Table 2-1). The decrease in the energy barrier can be attributed to the expansion in pore

size as the graphene sheet bends. The increase in the prefactor can be explained by a smaller entropy

penalty.
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Figure 2-6. (a) Snapshot of an MD simulation, (b) fitting results of the energy barrier, and (c)
translocation prefactors of CO, and CH4 through pore 16a on flexible graphene. (d) Snapshot and (e)
fitting results of the free energy curve calculation for gas permeation through pore 16a on flexible
graphene. (f) The relation between the prefactor and exp(AS/R).

In order to calculate the entropy penalty for flexible graphene pores, I calculated the free energy
curves after unfreezing the hydrogen and carbon atoms at the pore rim (Figure 2-6d). Note that the
carbon atoms which are not at the pore rim were kept frozen; otherwise, the configuration space will be
too large to be sampled within a reasonable period of time. The entropy penalty equals -27.5 and -25.7
J mol! K!' for CO, and CHs to cross flexible pore 16a, respectively (for rigid pore 16a, the entropy
penalties are -32.5 and -30.3 J mol™! K*! for CO, and CHs4, respectively). Because of the pore flexibility,
the system can sample more configurations at the TS, and the magnitude of the entropy penalty is
reduced. The ~ 5 J mol! K saved from the entropy penalty is responsible for the increase in
translocation prefactors, according to Equation (2-20). As shown in Figure 2-6f, taking rigid pore 16a
as a reference, the increase in the prefactor is comparable to the increase in exp(AS/R).

The relation between the prefactor and the entropy penalty can also be confirmed by shrinking the
pore from pore 16a to 13a. The entropy penalty for CO; to cross pore 13a is -43.0 J mol™! K™, which is
10.5 J mol! K! higher than that for CO; to cross pore 16a (in absolute value). The decrease in
exp(AS/R) is consistent with the decrease in the prefactor (Figure 2-6f).

Table 2-3 reports the entropy penalty values, the translocation prefactors predicted by Equation
(2-20), and the prefactors deduced from MD simulations for various gas—pore combinations (additional
details of the fitting are shown in Figure 2-18 in Appendix 2.9.4, and the structure of pore 22 is shown
in Figure 2-19 in Appendix 2.9.5; some gas—pore combinations were not simulated by MD due to their
high demand of computational resources). Note that the half-peak width L of the AS is assumed to
remain the same for each type of gas. Table 2-3 reveals that: (1) Equation (2-20) can predict the
translocation prefactor with order-of-magnitude precision, (2) for the same pore, a smaller gas molecule
such as O incurs a smaller entropy penalty, (3) for a given gas, a smaller pore results in a stronger

entropy penalty, and (4) pore flexibiliy reduces the entropy penalty for pore crossing.
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Table 2-3. Entropy penalty, translocation prefactor predicted by Equation (2-20), and prefactor derived
from MD simulations for various sample gas—pore combinations. “Flex” is an abbreviation for “pore
with flexibility”.

Gas-pore Entropy penalty AS (J AT from Equation _Atran§ from MD
mol! K1) (2-20) (10" s Simulations (10" s
COx-16a -32.5+49 1.3 0.81 £0.08
CH4—16a -303+1.3 2.1 1.06 £ 0.15
Or-16a 205+ 1.8 3.2 2.02+0.13
CO-13a 43.0+5.8 0.36 0.32+0.05
CH4-13a -455+49 0.33 n/a
0O-13a -31.6 1.1 0.83 n/a
CO>-10a -64.7 +18.2 0.02 n/a
0,—10a -44.2 £ 10.5 0.18 n/a
CO,-22 -21.7+£6.0 7.7 n/a
CH422 -17.1£5.8 10.0 n/a
COx-16a-flex -27.5+4.6 2.3 1.23 £0.09
CH4—16a-flex -25.7+£3.3 3.6 1.87+£0.19

To theoretically predict the translocation prefactor using Equation (2-20), an algorithm to estimate
the entropy penalty is required. This is because, similar to the calculation of free energies, the
calculation of entropy requires sampling the entire phase space, and therefore, is computationally
demanding. A convenient way to rapidly estimate the entropy penalty for any relatively circular pore
involves fitting the known results to a power law which relates the entropy penalty to the pore size, as
shown below.

1516 Jmol™1 K1

» o 2-21
Co, (#of missing C atoms)1-380 ( )
AS 5257 Jmol~ 1 K™t .
CHs ™ (#of missing C atoms)1855
1891 ] mol~1 K1
ASOZ =~ (2-23)

~ (#of missing C atoms)1-61°
The numerators and the powers in the denominators were deduced by linear fitting of In(—AS) to
In(number of missing C atoms) (Figure 2-20 in Appendix 2.9.6). The fitted pore size ranges from 10 to
22 removed carbon atoms. The power law fittings make sense considering the following two limits: (1)

in the limit when no carbon atom is removed, the entropy penalty goes to infinity due to the
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impermeability of a perfect graphene lattice, and (2) in the limit when the number of removed carbon
atoms goes to infinity, the entropy penalty approaches zero because of the absence of any constraints

imposed by the pore edge.

2.6 Prediction of Gas Separation through Graphene Nanopores

Using Equations (2-21) and (2-22), along with Equations (2-7) and (2-20) and the direct energy barrier
calculation method, one can predict the CO, and CH4 permeances per pore through a series of pores in
the pore library (Figure 2-19 in Appendix 2.9.5). The predicted pore sizes range from 13 to 24 removed
carbon atoms, which are mainly included in the pore size range fitted to obtain Equations (2-21) and
(2-22). These pores are small enough so that the gas transport is translocation limited (Appendix 2.9.7).
The pore Henry’s coefficients from previous MD simulations were used. Figure 2-7a shows the
performance of some sub-nanometer graphene pores in terms of the CO» permeance per pore and the
CO,/CHs separation factor. The separation factor here is defined as the ratio of the permeances per pore
of the pure CO; to the pure CH, inlets. To investigate the gas permeation behavior of a mixed gas inlet,
I also simulated an equimolar mixture of CO; and CH4 on the feed side. No major difference in energy
barrier was observed between the mixture gas inlet and the pure gas inlet (Figure 2-21 and Table 2-5 in
Appendix 2.9.8). This supports the argument that the translocation of gas through a sub-nanometer pore
is a single-molecule event, because the pore is too small for two gas molecules to translocate
simultaneously. However, I observed a lower heat of adsorption (in absolute value) of CO; adsorbing
to pore 16a in an equimolar CO,/CHs mixture when compared to pure CO; (Table 2-5 in Appendix
2.9.8). This is due to competitive adsorption of different gases at the pore mouth when the gas pressure
is high (> 50 bar). Note that in practical situations used to test gas permeation through single-layer or
few-layer graphene, the pressure of the gas phase is typically lower than 5 bar.!®-!!! [n this case, the
number of gas molecules adsorbed at the pore mouth is typically less than one (< 0.2, Figure 2-22 in
Appendix 2.9.10), and the effect of competitive adsorption is minor. In summary, at a relatively low

pressure, gas permeation behaves similarly for a pure gas inlet and for a mixed gas inlet.
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Figure 2-7. (a) Robeson plot (separation factor vs. permeance per pore) characterizing the CO,/CHy
separation through various graphene sub-nanometer pores at 300 K. Pore configuration identifiers are
annotated beside each data point. Experimental data obtained by Koenig et al.!® and results from several
MD simulations**7> are also plotted. (b) Comparison between a porous graphene membrane and other
membranes for CO,/CH4 separations. Hollow markers correspond to simulation results. The references
are listed in Table 2-6 in Appendix 2.9.9. For the MOF membrane simulation work,!®® the MOF
membranes are only ~ 5-nm thick in simulation. From a practical perspective, the permeance is
calculated assuming a typical MOF membrane thickness of 5 um.'*

Figure 2-7a shows a negative correlation between permeance per pore and selectivity. Pores with
CO,/CHj separation factors which are higher than 10> have CO, permeances per pore lower than 10
mol s! Pa’!. Further, pores with separation factors of ~ 10 have permeances per pore between 1022 and
102! mol s Pa’l. Note that when the CO, permeance per pore is higher than 10! mol s Pa’!, the
CO,/CH4 the selectivity approaches 1. Therefore, the graphene perforation should be carefully
engineered in order to attain a satisfactory separation factor.

The trade-off between permeability and selectivity is widely observed in the permselective
membrane literature. The upper bound for polymer membranes was discussed by Robeson.!%!! Taking

membrane thickness into consideration, some literature replaced permeability by permeance as the x

axis in the Robeson plot (permeance = permeability / membrane thickness).'!'1” Analogously, an upper

55

-2



bound for hydrogen-terminated graphene nanopores is drawn (Figure 2-7a). This upper bound is in good
agreement with the experimental results obtained by Koenig et al.'” Indeed, the performances of the
two graphene membranes studied by Koenig ef al. lie within the upper bound (stars in red in Figure
2-7a).!” The graphene nanopore upper bound is also compared to results from previous MD simulation
studies (triangles in green in Figure 2-7a; note that the designation scheme for pore sizes used here is
different from the one used in ref. 48 and 75). It is noteworthy that the simulated CO, permeances per
pore from three types of the graphene pores considered exceed the predicted upper bound by one order
of magnitude. This may be due to the different force field models and graphene flexibility conditions
used.”

Despite the existence of such an upper bound, porous graphene membranes are still highly
promising because of the potentially tunable pore density.”> The permeance of porous graphene per
membrane surface area is the product of the permeance per pore and the pore density per membrane
surface area, assuming a monodisperse pore distribution. Figure 2-7b compares the graphene nanopore
upper bound at different pore densities with the previously reported permselective membranes for
CO,/CHj4 separations (Table 2-6 in Appendix 2.9.9). At a pore density of 10" m™, which has been
experimentally realized,'?! the upper limit of a porous graphene membrane can exceed the polymer
upper bound. Therefore, as perforation techniques continue to improve, porous graphene membranes

can potentially outperform other permselective membranes.

2.7 Conclusions

In this chapter, I used MD simulations to validate the decoupling of gas permeation through sub-
nanometer graphene pores into adsorption to the pore mouth and translocation through the pore. The
adsorption was quantified by the pore Henry’s coefficients, which follows the van’t Hoff equation. The
translocation was described by the translocation coefficient, which follows an Arrhenius equation. I
utilized transition state theory to predict the translocation coefficient, showing good agreement with the
simulated values. By calculating the free energy curves of gas molecules translocating through sub-
nanometer graphene pores, | showed that when the free energy barrier is relatively high, entropy and

energy terms can be decoupled, and the prefactor for translocation is related to the entropy penalty for
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crossing the pore. I developed efficient algorithms to predict the energy barrier and the entropy penalty
for translocation, and then calculated gas permeances per pore through a range of pores. For the
CO,/CH4 gas mixture, the simulated results exhibit a trade-off between the CO, permeance and the
CO,/CHj4 selectivity, represented by an upper bound for sub-nanometer hydrogen-terminated graphene
pores in a Robeson plot. By comparing the performance predicted for porous graphene with those
reported for permselective membranes, 1 show that porous graphene is promising for gas separation,
because it can potentially outperform other materials, given a high pore density.

In the next chapter, I will extend the nanopore size range investigated beyond sub-nanometer,
where the energy barrier associated with pore translocation decreases to zero and Equation (2-4) is no

longer valid.

2.8 Methods

2.8.1 Force Field

An all-atom force field was utilized to carry out the simulations reported in this chapter. The potential
energy of the graphene—gas system consists of bonded potentials and non-bonded potentials. The
bonded potentials include harmonic bonds, harmonic valence angles, and dihedral potentials in a cosine
form. Bond stretching and bending force constants of CO, and CH4 are given by the elementary physical
model 2 (EPM2 Model),'> and the all-atom optimized potentials for liquid simulations (OPLS-AA
Model).!*s CHARMM27 force field parameters'®-'7* were used to construct the bonded interactions of
the graphene sheet.

Non-bonded interactions include Lennard-Jones potentials and electrostatic potentials. The
Lennard-Jones parameters of graphene were reported by Cheng and Steele.!”! The transferable potential
for phase equilibria (TraPPE) force field'**and the OPLS-AA force field were used for CO, and CHa,
respectively. The force field for O, was developed by Perng et al.!” The cutoff distance of the Lennard-
Jones interactions was set as 1.2 nm. Long-range electrostatics were handled using the Particle-Particle-

Particle Mesh (PPPM) method. Periodic boundary conditions were utilized in all directions.
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Force field parameters for the carbon and hydrogen atoms residing at the edge of the graphene
nanopore were approximated by aromatics in the AMBER force field, because graphene can be

approximated as a very large polycyclic aromatic molecule.'”

2.8.2 Escape Time Calculation

All molecular dynamics simulations were carried out using the Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS).!”* Two porous graphene sheets with a hydrogen-terminated
pore in each were placed parallel to each other at a distance of 20 nm, separating the periodic simulation
box into two compartments. Gas molecules were placed in one compartment, and the other one
consisted of vacuum. The system was simulated in the NVT ensemble using the Nose-Hoover
thermostat with a time constant of 0.2 ps.!” The simulation time step was 2 fs. The gas molecules were
allowed to diffuse, and the time elapsed before all the atoms of a molecule appeared in the other
compartment (escape time) was recorded. Once a translocation event took place, the system was
reverted to the state before translocation, and all the molecules were assigned new, random Maxwell-
Boltzmann-distributed velocities, and were shifted by a random (x, y) displacement, so that the system
was uncorrelated with its previous state. Note that this lack of correlation between each run is required
to guarantee unbiased results. Escape times were recorded repeatedly following this procedure. Some
time was needed for the simulation system to equilibrate. However, the equilibration time was far less
than the overall simulation time, and therefore, did not affect the estimation accuracy of the permeation
rate (Figure 2-22 in Appendix 2.9.10).

Due to the lack of memory of the system, the escape times follow an exponential distribution
(Figure 2-23 in Appendix 2.9.10),'7¢

f(t) = Aexp(—A1t) (2-24)

The parameter A in Equation (2-24) can be estimated using the maximum likelihood estimation from M

escape time records, and it is the rate of permeation from two graphene nanopores (because of the use

AN
of two graphene sheets in the simulation). The estimated value A can be calculated as follows:'”’
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M

The 100(1 — a)% confidence interval of the parameter A can be obtained as follows:!”’

2 12 Y%

X2 om X1 %om
277 < 2 (2-26)
2M 2M

where )(fl , 18 the 100q percentile of the x? distribution with v degrees of freedom.

2.8.3 Free Energy Curve Calculation

Free energy calculations were carried out using LAMMPS to obtain the free energy barrier of a gas
molecule crossing a sub-nanometer graphene pore. The gas molecule was held at vertical distances
above and below the graphene basal plane by a harmonic biasing force along the direction normal to
the graphene basal plane. In order to match the definition of a pore-associated molecule, the gas
molecule was enclosed in the pore mouth region by reflective walls. The gas molecule was equilibrated
at each biasing point for 1 ns. Subsequently, histograms of the distances between the center of mass of
the gas molecule and the graphene basal plane were recorded during 4 ns. The free energy curves were

178

calculated using the weighted histogram analysis method> by the WHAM code'”®, with a tolerance of
10, The histograms at each biasing point for CO, through pore 16a at 300 K are shown in Figure 2-24
in Appendix 2.9.11. The simulation could be carried out both with or without the presence of other
molecules in the simulation box. The results are similar for the two situations (Figure 2-25 in Appendix
2.9.11), indicating that the interactions between a gas molecule and the pore are not affected by other

gas molecules, especially when considering translocation. Therefore, for simplicity and computational

accuracy, | carried out free energy simulations with a single gas molecule.

2.8.4 Direct Energy Barrier Calculation

The energy barriers corresponding to the gas permeation through graphene sub-nanometer pores were
calculated directly using the same force field of non-bonded interactions as discussed above. The
graphene sheet and the molecule were both held rigid. The algorithm was implemented in MATLAB.

Firstly, I obtained the (x, y) coordinates of the gas molecule at the transition state (the x and y axes are
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parallel to the graphene basal plane, and the z axis is normal to the basal plane). I optimized the
molecule’s (x, y) coordinates and its three-dimensional rotation to find the potential energy minimum,
while enforcing the constraint that the center of mass of the molecule should lie on the graphene basal
plane. Secondly, I calculated the potential energy at a series of vertical distances z along the
translocation trajectory, which is assumed to be perpendicular to the graphene basal plane. In my
algorithm, a gas molecule was allowed to rotate in all directions. In that way, the potential energy curve
is obtained. The minimum potential energy in the curve corresponds to the pore association site, and
the maximum corresponds to the transition state (usually located at z = 0). The direct energy barrier is

then obtained as the difference between the maximum and the minimum potential energy values.

2.9 Appendices

2.9.1 Molecular Dynamics Simulation Results of CO2 Permeation Using the EPM2

Force Field

The permeation of CO; through graphene pore 16a was simulated using the Elementary Physical Model
2 (EPM2) to investigate the sensitivity of the permeation results on the force field.'>

The main hypothesis — Il = KiransHpore — and its related temperature dependence remain valid

even if another force field is utilized. A comparison of fitting results from MD simulations using two
CO; force fields is presented in Table 2-4. Only minor differences are observed, and therefore, the
validity of the theory is relatively insensitive to the chosen force field.

Table 2-4. Apparent energy barrier, adsorption heat, energy barrier, and translocation prefactor derived
from temperature fitting of MD results for CO>—pore 16a using the TraPPE and EPM2 force fields.

Force Apparent energy Adsorption heat (k] ~ Energy barrier (kJ Translocation

field barrier (kJ mol™) mol™) mol™) Prefactor (10'° s71)
TraPPE 72+1.2 -11.1+£0.8 3.9+0.6 0.81+0.08
EPM2 -74+0.7 -10.8 £0.1 3.4+0.6 0.85+0.06
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2.9.2 Definitions for the Bulk and the Pore Mouth Region

As shown in Figure 2-8a, b, the adsorption layers of CO, and CH4 on graphene are located between
0.25 and 0.5 nm away from the pore. Hence, setting the vertical range of 0—0.5 nm would be sufficient
to capture the adsorption behavior. Concomitantly, the density profile approaches a constant value when
the distance from the graphene basal plane is 1 nm or greater. Therefore, it is reasonable to define the

bulk as the region which lies 3 nm or farther away from the graphene basal plane.
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Figure 2-8. Number density distributions in the z direction away from the graphene basal plane of (a)
CO; at 300 K and 18 bar, and (b) CH4 at 300 K and 22 bar. Number density distributions within the
adsorption layer in the (x, y) plane of (¢) CO and (d) CH, at the same conditions as above. The pore is
pore 16a.

As shown in Figure 2-8c, d, within the adsorption layer, the gas molecules have a uniform
distribution away from the pore, which is located at (x,y) = (1.7 nm, 1.6 nm). However, the (x,y)
density profile shows a high peak (denoted in red) at the pore center, suggesting strong adsorption at
the pore mouth. Concomitantly, a depletion region with a radius of ~ 0.5 nm (denoted in dark blue) is

observed, where the gas molecules are not likely to reside. The depletion region is concentric with the

pore, and is of approximately the same size as that of pore 16a. The depletion region occurs because
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the gas molecule loses attractive forces from below due to the removed carbon atoms in the pore. As a
result, there is an energy barrier to approach the pore from the graphene surface. Because of the
depletion region, it is reasonable to define a pore mouth region with a radius of 0.4 nm, which is enough
to encompass the density peak at the pore center.

The energy barrier to approach the pore has been investigated by Drahushuk and Strano.'? A
typical barrier height is less than 4 kJ mol™!, corresponding to an exponential Boltzmann factor of > 0.2
at 300 K. It is expected that, when transport through the pore is translocation-limited, the surface influx
should be much greater than the total flux, thereby providing sufficient feed for translocation. Therefore,
in the translocation-limited regime, the energy barrier to approach the pore from the surface adsorption
layer should have a minor effect.

As shown in Figure 2-9, I varied the cylinder radius r and the cylinder height h of the pore mouth
region from the value used above (r = 0.4 nm, h = 0.5 nm). The corresponding pore Henry’s
coefficients follow an identical trend, only deviating by a constant ratio. Therefore, the results for the

adsorption heat and the energy barrier would not change.

10

e—+ r=0.3 nm, h=0.5 nm
e—e r=0.35 nm, h=0.5 nm
8 e—= r=0.4 nm, h=0.5 nm
e—e r=0.4 nm, h=0.45 nm
e—= r=0.4 nm, h=0.4 nm

Pore Henry's constant (10~ Pa~')

0 5 10 15 20 25 30 35 40 45
Pressure (10° Pa)

Figure 2-9. Pore Henry’s coefficients of CO; above pore 16a at 300 K with different sizes of the pore
mouth region.

2.9.3 Details of the Molecular Dynamics Simulation Results and Analyses

Figure 2-10 shows the compressibility factor of CO, at various pressures and temperatures based on the
equation of state reported by Span and Wagner.!” At 300 K, the compressibility factor decreases below
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0.9 as the pressure increases above 20x10° Pa. Note that lower compressibility factors correspond to
smaller pressure values. This is in accordance with the increase in the simulated permeance per pore

and in the pore Henry’s coefficient observed at 300 K at pressures above 20x10° Pa.

1.2 : :

Compressibility factor
o
(@)]

04| e 300K
oo 400K
e—o 500K
0.2r 600 K
e—e 700K
0.0 ‘ : : '
0 20 40 60 80 100

Pressure (10° Pa)

Figure 2-10. Compressibility factor of CO, at various temperatures and pressures according to the
equation of state provided in ref. 157.

The simulated permeances per pore and pore Henry’s coefficients of O, through pore 16a are
shown in Figure 2-11. The proportional correlation between the simulated permeances per pore and the

pore Henry’s coefficients can be further confirmed.
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Figure 2-11. (a) Simulated permeances per pore and (b) simulated pore Henry’s coefficients of O;
through pore 16a at various temperatures and pressures.
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Figure 2-12 shows additional details about analyzing the temperature dependence of the simulated
permeances per pore and pore Henry’s coefficients. Linear fitting results according to the Arrhenius
equation and the van’t Hoff equation are shown in Figure 2-12a, b, respectively. Apparent energy
barriers and heats of adsorption for CO,, CHa, and O, across pore 16a are obtained. Figure 2-12¢c, d
show the translocation coefficients ki.;ns 0f CHs and O, through pore 16a, respectively, and the
corresponding translocation prefactors At.4ns are shown in Figure 2-12e, f. The translocation prefactors
have similar values as expected.

I studied the surface adsorption of CO, on the graphene lattice away from the pore at various
conditions, and calculated the areal number densities ¢ of the adsorption layer, with a unit of Pa’! nm™
(Figure 2-13). Similar to the pore Henry’s coefficient, a surface Henry’s coefficients Hg, is defined

as the ratio of the areal density ¢ and the bulk pressure p. By fitting Hg, ¢ to the van’t Hoff equation, I

surf

obtain the adsorption heat of CO, to the graphene surface AHS3s (Figure 2-13b, ¢).*! The surface
adsorption region is defined as the region located less than 0.5 nm away from the graphene basal plane,
and more than 1 nm away from the center of the pore. Note that the heats of adsorption corresponding
to association and to surface adsorption are similar (-11.1 vs. -10.6 vs. kJ mol™), suggesting that the
permeation steps prior to translocation are at equilibrium.

Figure 2-14 shows simulation results of CO; through pore 13a and related analyses. The analytical
method used is the same as that used to generate Figure 2-3 and Figure 2-12. Note that the permeances
per pore are significantly reduced when the pore shrinks from 16a to 13a, while the energy barrier
increases substantially. However, the pore Henry’s coefficients and the heat of adsorption exhibit no

apparent changes.
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Figure 2-12. (a) Fitting results of simulated permeances per pore of CO,, CHs, and O, through pore 16a
according to the Arrhenius equation. (b) Fitting results of simulated pore Henry’s coefficients of CO»,
CHa, and O, above pore 16a according to the van’t Hoff equation. (c, d) Translocation coefficients
calculated at various temperatures and pressures for CHs and O, respectively. (e, f) translocation
prefactors of CH4 and O, respectively.
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Figure 2-13. (a) Pressure-normalized areal number density of adsorbed CO, on the graphene surface at
various temperatures and pressures. (b) Temperature dependence of the pressure-normalized areal

number density of adsorbed CO», and (c) related fitting results for the adsorption heat AH. surf

ads -

The gas molecule’s geometric arrangement in the adsorbed state (AS) and the transition state (TS)
depends on the gas type and the pore configuration. For example, the C=0 bond forms an angle of 56.5°
with the normal to the graphene sheet when CO is at the TS in pore 16a (Figure 2-15a). The angle
decreases to 9.9° when the pore shrinks to pore 13a (Figure 2-15b). Note that pore 13a imposes stronger
steric restriction from its edges compared to pore 16a, due to its smaller size, thereby leading to an
almost perpendicular alignment of CO- at the TS. Regarding the AS, the potential energy between CO,
and pore 16a is minimized when the CO; molecule is aligned parallel to the graphene basal plane (Figure
2-15d). On the other hand, the CO, molecule is vertically aligned at the AS above pore 13a (Figure
2-15e). The AS and TS configurations are obtained by minimizing and maximizing the potential energy
along the translocation trajectory.

It is noteworthy that the potential energy landscape at the TS is much steeper than that at the AS
(Figure 2-15c, f). As a result, the location of a gas molecule at the AS is more evenly distributed in the

molecular coordinate space, while the gas molecule’s location at the TS is sharply peaked.
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Figure 2-14. (a) Simulated permeances per pore of CO, through pore 13a at various temperatures, and
(b) related Arrhenius fitting results. (c) Pore Henry’s coefficients of CO, above pore 13a at various
temperatures, and (d) related fitting results for heat of adsorption. (¢) Translocation coefficient of CO;
through pore 13a calculated at various temperatures and pressures. (f) Temperature dependence of the
translocation coefficient, and (g) related Arrhenius fitting results for the energy barrier. (h) The
translocation prefactors of CO» through pore 13a.
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Figure 2-15. Geometric arrangement of CO2 at the transition state (TS) of (a) pore 16a and (b) pore 13a.
Potential energy landscape of CO; in the x direction at the TS inside pore 13a. Geometric arrangement
of CO; at the adsorbed state (AS) of (d) pore 16a and (e) pore 13a. Potential energy landscape of CO,
in the x direction at the AS above pore 13a. Color code: black — carbon in graphene, red — hydrogen in
graphene, blue — carbon in CO,, cyan — oxygen in COx.

Figure 2-16 shows simulation results and related analyses of CO; and CH4 through pore 16a in a

flexible graphene membrane. The analytical method used is the same as introduced previously. The

heats of adsorption do not change significantly upon the addition of flexibility.
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Figure 2-16. (a) Simulated permeances per pore of CO, and CH4 through flexible pore 16a at various
temperatures, and (b) related Arrhenius fitting results. (c) Pore Henry’s coefficients of CO, and CH4
above flexible pore 16a at various temperatures, and (d) related fitting results for heat of adsorption.

Translocation coefficient of (¢) CO, and (f) CH4 through flexible pore 16a calculated at various
temperatures and pressures.

2.9.4 Free Energy Curves and Related Analyses

Figure 2-17 shows the free energy curve and the potential energy curve of H, through pore 16a. No
potential energy barrier exists for H» to cross pore 16a. However, a free energy barrier exists due to the

entropic effect.
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Figure 2-17. Free energy curve (left axis) at 300 K and potential energy curve (right axis) along the
translocation trajectories of Hy through pore 16a. Force field adapted from Bouanich.!”

Figure 2-18 shows the linear fitting results of the free energy barrier AA vs. temperature T for
various gas molecules through pore 10a, 13a, and 22. The results exhibit good linearity, suggesting that

the entropic contribution to the free energy barrier is independent of temperature.
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Figure 2-18. Linear fitting of free energy differences to temperature of (a) pore 10a, (b) pore 13a, and
(c) pore 22.

2.9.5 Pore Library

Figure 2-19 shows the atomic structures of the pores studied in this chapter.
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Figure 2-19. Atomic Structures of the hydrogen-terminated pores investigated. The pore size ranges
from 13 to 24. Black dots represent carbon atoms, and red dots represent hydrogen atoms.
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2.9.6 Power Law Fitting of Entropy Penalty to Pore Size

Figure 2-20 shows the linear fitting results relating the entropy penalties AS to the pore size based on

power law estimations. The depicted error ranges are listed in Table 2-3.

5.0 ‘ . .

200 22 24 26 28 30 32
In(# of missing C atoms)

Figure 2-20. Linear fitting results of In(—AS) vs. In(number of missing C atoms) for CO,, CH4, and
O..

2.9.7 Justification of Translocation-Limited Transport

When the pore size increases, the rate of translocation rapidly increases. At a certain pore size, the
translocation step is no longer rate-limiting. To be more precise, when the pore size is sufficiently large,
gas molecules at the pore mouth translocate through the pore so fast that the bulk gas phase and the
surface adsorption layer cannot supply gas molecules sufficiently fast. In other words, the assumption
of equilibrium between the pore mouth adsorbate and the other phases (bulk gas and surface adsorbate)
is no longer valid. As a result, the number of pore-associated gas molecules should be smaller than its
equilibrium value. Beyond this critical pore size, the pore Henry’s coefficient no longer controls the

total gas flow.

72



This critical pore size, D., depends on the gas. For example, in the case of CO,, by equating the
maximum translocation rate (AE = 0,AS = 0) to the impingement rate from bulk gas given by the

kinetic theory of gases (n4;, = 4 where Apore 1S the area of the pore, Ap is the pressure

pore \/%,
difference, M is the gas molar weight, R is the gas constant, and 7 is the absolute temperature), a critical
pore diameter is found to be D. = 3.8 nm, corresponding to the removal of ~400 carbon atoms, which
is significantly larger than the pores investigated in this chapter (13 to 24 removed carbon atoms). This
means that the translocation-limited transport assumption is valid for the pores studied. Note that

because CO; is an adsorptive gas, the surface influx may be greater than the direct influx for a small

pore diameter, thereby decreasing the critical pore size.

2.9.8 CO2/CH4 Mixture Separation

MD simulation results of CO,/CH4 mixture separation through pore 16a are shown in Figure 2-21 and
Table 2-5. The analytical method used is the same as that described in the main text. The permeation
behavior of a gas component does not change significantly when it is moved from a pure feed phase to
a mixed feed phase. The energy barriers remain unchanged, suggesting that the permeation of gas
through a sub-nanometer pore is a single-molecule event. The heat of adsorption of CO: changes
slightly, which may be attributed to the CO,—CHj interactions.

Table 2-5. Apparent energy barrier, heat of adsorption, energy barrier, and translocation prefactor
derived from temperature fitting of the MD results for CO, and CHs—pore 16a in mixed and pure inlets.

Apparent energy ~ Heat of adsorption  Energy barrier (kJ Translocation

Gas barrier (kJ mol™) (kJ mol™) mol ™) prefactor (10'°s)
€02 in 6.0+ 0.9 98+ 1.8 38412 0.89+0.11
mixture

Pure CO, 72+1.2 -11.1+£0.8 3.9+£0.6 0.81 £ 0.08
CHsmn 43+ 1.4 77415 33416 1.36 4 0.24
mixture

Pure CH4 -4.7+0.6 -8.0+0.9 33+1.3 1.06 £0.15
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Figure 2-21. Simulated permeances per pore of (a) CO, and (c) CH4 through pore 16a in an equimolar
CO,/CH4 mixture. Pore Henry’s coefficients of (b) CO» and (d) CH4 above pore 16a in the mixture. (e)
Simulated permeances per pore, (f) pore Henry’s coefficients, and (g) translocation coefficients through
and above pore 16a as functions of temperature.
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2.9.9 Previously Reported Membrane Performance for CO2/CH4 Separation

Table 2-6. Data from the literature on various membranes in the separation of CO,/CH4 mixture.

CO; Permeance

Material (mol m? s Pa’!) Separation Factor Reference
2.9x107 420 14
. 2.0x10° 86 142
Zeolites 7 0x10° 600 13
2.0x107 32 180
Carbon molecular 4.3x107 83 181
sieves (CMS) 2.1x10° 21 182
Silica 6.0x10® 4.5 183
8.1x10°® 11 184
6.7x107® 240 185
5.8x10® 380 186
-8 141
Thermally rearranged 6.8 10_3 64 141
(TR) polymer 2.2x10 45
2.8x108 35 141
Polymer 5.7x1071° 27 187
4.2x10710 18 188
4.0x10” 28 189
1.0x10” 93 190
1.1x10® 15 191
2D polymer 1.0x10" 500 7
(simulation)
Mixed matrix 4.4x107 36 A
membranes 6.8x107 15 192
Tonic 7.7x107° 55 193
1.7x107 5.7 194
1.9x10” 10 195
2.4x107° 5.1 143
1.0x107 4.6 196
-6 16
Metal organic ;%i }86 §§ 15
frameworks (MOF) 2.0%10° 12.6 197
3.5x10® 3.5 198
1.3x108 4.7 199
MOF (simulation) 1.8x107° 4.1 166
Assume thickness = 4.0%10° 29 166

100 nm
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2.9.10 Justification of the Escape Time Method

In Figure 2-22, the instantaneous, cumulative average, and overall average values of the bulk gas density,
pore-associated gas number, and areal density of surface-adsorbed gas from 0 to 5 ns in the simulation
are depicted. The system equilibrates within 5 ns, which is short compared to the overall simulation

time (~450 ns). Therefore, the equilibration period has negligible effect on the simulation results.
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Figure 2-22. The instantaneous, cumulative average and overall average values of (a) bulk gas density,
(b) pore-associated gas number, and (c¢) areal density of surface-adsorbed gas from 0 to 5 ns in the
simulation. The simulated gas is CO,. The temperature is 300 K and the bulk pressure is 2.3 bar. The
cumulative average is the average value of all the previous data points. The overall average is taken
over a ~450 ns period. The equilibration time is below 5 ns, and therefore, the initial equilibration
process does not affect the overall result.

The histogram of escape times of CO; through pore 16a is shown in Figure 2-23a. Figure 2-23b

further validates the exponential distribution of the escape time by taking the natural logarithm of the

probability distribution and fitting it to a linear variation with respect to time.
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Figure 2-23. (a) The probability distribution f{¢) of the escape times of CO, crossing pore 16a at 300 K

and 40 bar. (b) The linear relation between In[f(¢)] and the escape time t, proving the exponential
distribution.
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2.9.11 Justification of the Free Energy Calculation

The histograms for CO, through pore 16a at 300 K at every biasing point are shown in Figure 2-24. The
significant overlap between adjacent histograms guarantees a reliable free energy curve.
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Figure 2-24. Histograms at each biasing point for CO; through pore 16a at 300 K. Adjacent histograms
have significant overlap.

Figure 2-25 shows the free energy differences of CO, through pore 16a with or without the
presence of other CO, molecules in the simulation box at various temperatures. The interactions

between a gas molecule and the pore are not affected by other molecules.
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Figure 2-25. Free energy differences of CO» through pore 16a with or without the presence of other
CO; molecules in the simulation box at various temperatures. Despite the presence of the other 99 CO,
molecules, the free energy differences do not change significantly.
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3 Mechanism of Gas Permeation through Graphene

Nanopores across Multiple Regimes

3.1 Introduction

The atomic thickness of graphene endows it with tremendous potential for membrane separation.?%0-2%!

For conventional polymeric membranes, the cross-membrane transport resistance is proportional to the
membrane thickness, limiting their trans-membrane gas flux. In contrast, nanoporous graphene
25,140

membranes are anticipated to have extremely small molecular transport resistances and high fluxes.

The concept of membrane separation using nanoporous graphene has been demonstrated for diverse

113,126 133,202 149,203

applications, such as, gas separation, seawater desalination, nanofiltration, and ion

separation, 31204
The application of permselective membranes, i.e., membranes demonstrating high selectivities for
gas separation processes, is currently underdeveloped, with several challenges remaining to be

surmounted. >!3?

For conventional polymeric membranes, the permeability and selectivity of a given
gas pair demonstrate a trade-off relationship, referred to as the Robeson upper bound.!! This upper
bound limits the overall applicability of polymeric membranes for gas separation applications.
Graphene, however, has the potential to surpass the upper bound limit due to its atomic thickness and
much reduced gas transport resistance.*” In addition, the gas permeance (defined as the gas flux
normalized by the driving force, i.e., the pressure drop) of a nanoporous graphene membrane is linearly
correlated to the areal pore density of the membrane, further boosting its potential performance, as
discussed in Section 2.6.

In order to achieve high selectivity for gas separation, the graphene pore diameter (D,) should be
commensurate with the collision diameter, also known as the kinetic diameter (Dn) of the gas molecules,
which is typically around a few Angstroms.® Graphene nanopores have been experimentally created

using various strategies, and the gas separation performances of the resulting nanopores have been

tested in several experimental studies. Koenig et al. used ultraviolet-induced oxidative etching to
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introduce nanopores in pristine graphene.'® A smaller nanopore (3.4 A in diameter) exhibited pressure-
normalized H, and CO» flow rates of ~ 10> mol s™' Pa’!, but the flow rates of Ar, N, and CH4 were 3—
4 orders of magnitude lower. A larger nanopore (4.9 A in diameter) exhibited higher flow rates but
lower separation factors among H», CO,, N», and CH4, while rejecting SFs. Boutilier ef al. created
graphene nanopores with diameters below 7 A using ion bombardment followed by oxygen plasma
treatment.!'> With an appropriate amount of oxygen plasma exposure, the nanoporous graphene
membrane demonstrated a gas selectivity that surpassed the Knudsen effusion selectivity, suggesting a
contribution of molecular sieving resulting from nanometer-sized pores. The Knudsen effusion is also
known as Graham’s Law of effusion, where the rate of effusion of a gas is inversely proportional to the
square root of its molecular mass.** I (see Chapter 5) and Huang et al.'* observed gas separation beyond
the Knudsen selectivity limit through graphene nanopores formed spontaneously during the chemical
vapor deposition (CVD) of single-layer graphene, with pore diameters ranging from ~ 1 to 2.5 nm.

These experimental datasets!®-115:120

span wide ranges of gas flow rates and separation factors, as
well as of graphene nanopore diameters, and are likely to be governed by different gas permeation
mechanisms.'*? In theory, given complete knowledge of the gas permeation mechanism, it should be
possible to analytically model the mathematical relation between the gas flow rate, the pore size (and
shape), and the properties of the gas species, including the molecular weight and the kinetic diameter.
Such a model could then be used to fit the experimentally measured gas flow rates to predict the pore
size distribution, or at least a representative pore structure. Wang et al. proposed two gas transport
regimes, the activated regime and the steric regime, determined by the relative magnitudes of the pore
diameter D, and the gas kinetic diameter Dy.%° Specifically, in the activated regime, D, is smaller than,
or approximately equal to D, and the gas molecule needs to overcome an energy barrier imposed by
the pore rim atoms. Previous studies have utilized ab initio simulations to estimate the energy barrier
for a gas molecule to translocate through graphene membranes.?>%%% In Chapter 2, I investigated in
detail gas permeation in the activated regime using molecular dynamics (MD) simulations, and have
shown that the rate of barrier crossing can be described accurately using transition state theory.

On the other hand, when the pore size D, is larger than the gas kinetic diameter Dy, the energy

barrier decreases and the gas permeation is non-activated. Wang et al. designated this regime as “the
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steric regime” exhibiting an effusion-like mechanism.?® Gas effusion through a pore occurs when the
pore size is smaller than the gas mean free path, and the effusion rate of the gas depends on its rate of
direct impingement from the bulk.!'® However, various studies have demonstrated the significance of
another pathway: surface diffusion.***3152 The carbon atoms in graphene exert attractive van der Waals
forces on the gas molecules, which in turn, get adsorbed on the graphene surface, thereby forming an
adsorption layer. The adsorbed gas molecules then diffuse to the pore region and subsequently permeate
to the other side of the membrane. This surface diffusion pathway occurs simultaneously with the direct
impingement pathway, and can be important, or even dominant, when the local density of gas molecules
adsorbed on the graphene basal plane is high.*’

Despite the research efforts mentioned above, a comprehensive mechanism that unifies the
different gas transport regimes has not yet been advanced. More specifically, the following challenges
remain. First, the direct impingement pathway, the surface diffusion pathway, and the activated
permeation have not been integrated into a general analytical equation. Second, the governing equations
of the direct impingement and surface diffusion pathways, although recognized, have not been refined
and validated using simulation tools. With the above two points in mind, in this chapter, I propose to
formulate a model that incorporates all the different transport regimes, including deriving a general
analytical expression to predict the gas permeance through different sizes of graphene nanopores based
on the model. In addition, I utilize MD simulations to refine the expression derived from the model, and
discuss the origins of these refinements. Based on the model, I study the contributions, from the direct
impingement and the surface diffusion pathways in quantitative detail, and analytically model the
transition between different transport regimes. Furthermore, I predict the graphene nanopore size limit

that is required to achieve meaningful gas separation performances.

3.2 Theoretical Model

Based on the modeling study by Drahushuk and Strano,'* the gas permeation process is described by a
three-state reaction kinetics model (Figure 3-1). The three states which a gas molecule can occupy
include (1) the bulk gas state, characterized by the bulk pressure p, (2) the surface adsorption state,

characterized by the areal number density of adsorbed gas molecules Csyr, and (3) the pore mouth state,
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characterized by the number of gas molecules at the pore mouth Npore. The height of the adsorption layer
is a parameter in my model that can be determined using MD simulations, which will be discussed in
the next section. The pore mouth state is defined as the cylinder depicted in red in Figure 3-1, which
has the pore area as its base and the same height as the adsorption layer.

The transport rates to, or from, the three states can be modeled as first order reactions (Figure 3-1b).
The first order assumption is based on the linear dependence of the rate of diffusion on the concentration
gradient (Fick’s first law). Because the bulk state and the adsorption state have a large area of contact,
the molecular exchange between the two states is rapid. Therefore, the bulk pressure p and the adsorbed
areal density Cgur can be assumed to be in equilibrium:

Csut = Howr - P (3-1)
where Hquf is the equilibrium constant and is referred to hereafter as the surface Henry’s coefficient,
because the equilibrium between the bulk gas and the adsorbed phase resembles Henry’s law.*! The
surface Henry’s coefficient Hqyr is constant if the linear adsorption isotherm in Equation (3-1) holds. In
the case of other adsorption isotherms, such as, the Langmuir isotherm or the Brunauer—-Emmett—Teller
isotherm,'®! Hy,r depends on the bulk pressure. In this chapter, the bulk pressure is lower than 15 bar,
and therefore, the surface adsorption occupancy is low (Appendix 2.9.10). As a result, the adsorption

isotherms of the gases studied here are in the linear regime (Figure 3-9 in Appendix 3.10.1).
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Figure 3-1. (a) Schematic illustration of the three-state gas permeation model, and (b) its transport rates.
The symbols utilized are explained in the main text.

The total gas permeation rate, or the rate of translocation, 73 is the product of Npo and the
translocation coefficient kirans (Figure 3-1b, 73 = kiransNVpore, Equation (2-1)). The translocation coefficient
kirans can be predicted using an algorithm based on the transition state theory developed in Chapter 2. 1
predict that kans 1S proportional to exp(-Ea/ksT), where E, is the energy barrier of translocation through
the nanopore, &z is the Boltzmann constant, and 7 is the absolute temperature. Note that in the current
model, I assume that the permeate side is vacuum, so that only the feed side pressure needs to be
considered. Note also that if the permeate side has a finite pressure, the back-permeance from the

permeate side to the feed side can also be treated using the same model.*®
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To fully determine the gas permeation rate 3, the rate constants ki, k-1, k2, and k- in Figure 3-1
need to be specified. The forward rate constant k; from the bulk to the pore mouth can be predicted
using the kinetic theory of gases. According to the kinetic theory of gases, the impingement rate, 7, of
an ideal gas onto the pore area is expressed as follows:*!

kgT

2m G2

= Aporep

where Apore 1s the pore area, m is the gas molecular weight, and p is the volumetric number density of
the bulk gas. In the ideal gas limit, p = pksT. Otherwise, to model a non-ideal gas, the compressibility
factor Z needs to be included: p = ZpksT.*' Continuing with a non-ideal gas and considering a circular
pore with diameter D,, the forward rate constant k; can be derived based on Equation (3-2), p = ZpksT,

and Apore = ©D,/4:

k = T—l = Aporep kBT = Apore = i D—IZ) (3-3)
YU p o ZpkgT2nm 7 [2mmkgT | 2mkgT 4Z

The expression for the backward rate from the pore mouth to the bulk can be derived as follows.
For an elementary reaction, the equilibrium constant is equal to the forward rate constant divided by the

reverse rate constant. Therefore, N;gg v = ky/k_4, where N;ng is the number of gas molecules at the

pore mouth under the equilibrium condition (Section 2.2). Pore Henry’s coefficient Hyore = N;;lrr: /pis

defined as the equilibrium constant. Following this, the backward rate constant k£-; can be derived based

P N SR (3-4)
TN Hpore (| 2mkpT 4HporZ

Regarding the surface diffusion pathway, Drahushuk and Strano proposed an estimation where the

on Equation (3-3):

rate of injection from the adsorption layer to the pore r; has a similar expression as that in Equation
(3-2), except that it is proportional to the circumference of the pore, instead of to the pore area, that
152

1s:

r; X Dy (3-5)
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In fact, the logic behind the kinetic theory of gases in three-dimensions (3D) can be applied to a two-
dimensional (2D) gas system, if the adsorbed gas molecules are simplified as a two-dimensional gas.
This simplification is based on the following assumptions: (1) the adsorbed gas molecules have
relatively long residence times on the graphene sheet, (2) the adsorbed gas molecules follow the
Maxwell-Boltzmann velocity distribution, and (3) the adsorbed gas molecules are evenly distributed on
the graphene sheet, excluding the pore mouth area, where the concentration of the gas molecules is
lower, leading to surface diffusion of the gas molecules towards the pore mouth area.

Assumption (1) is supported by the simulation study of Sun and Bai,**> who found that the in-plane
diffusion coefficient of the adsorbed gas molecules is lower than that of the gas molecules in the bulk,
due to the gas molecule-graphene interactions. Assumption (2) can be directly confirmed by the
Maxwell-Boltzmann velocity distribution of the adsorbed gas molecules observed in the MD
simulations (Figure 3-10 in Appendix 3.10.2). Assumption (3) will, in fact, be violated due to the
existence of the pore, which complicates the problem. For the sake of simplicity, as a first approximation,
I assume that the gases adsorbed on the graphene layer are evenly distributed. However, a more detailed
analysis of this underlying assumption will be presented in the next section. Assuming a 2D-gas model
for the adsorbed layer, one can neglect the movement of gas molecules in the direction normal to the
graphene plane (denoted hereafter as the z direction), and only need to consider the movement of gas
molecules parallel to the graphene sheet (denoted hereafter as the x-y plane).

As shown in Figure 3-2a, consider a differential length dL along the circumference of the pore in
the x-y plane. Define the direction tangential to dL as x, and the direction normal to dL as y. According
to the Maxwell-Boltzmann distribution, in an orthogonal coordinate system, the velocities of each gas
molecule in the x and y directions, vx and v,, follow a Gaussian distribution and are independent of each

other,* that is,

| m mv? o
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where f,,(v;) is the probability density function of v;, and i corresponds to either the x or the y directions.

Using MD simulations, it is found that the correlation coefficient of v, and v, in the adsorption layer is

0.003, indicating independent velocity distributions in the x and y directions (Appendix 3.10.2).
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Figure 3-2. (a) Derivation of the rate of injection from the adsorption layer to the pore. Injection is an
essential step in the surface diffusion pathway. (b) Transport resistances associated with the
translocation, the surface diffusion, and the direct impingement steps are represented in an analogous
electric circuit form.

Note that because the velocities v, and v, are independent, only v, matters when considering gas
molecules crossing dL in the +y direction (Figure 3-2a). For a gas molecule with v, > 0, it can cross dL
within a differential time interval d¢ if the y-projection of its distance to dL is less than v,dz. In other
words, only the molecules in the area v),dtdL are available to be transported across dZ. Given the areal

density of gas molecules, Csur, the differential number of gas molecules d?n, crossing dL in the +y

direction during the time interval d¢ can be integrated from v, = 0 to +oo:

+oo kgT
d2n, = fo |(vyd6)CouredLf,,, ()] dvy, = ﬁcsurf dt dL (3-7)

Note that the second differential d’z, is used because the orders of the differential on both sides of
Equation (3-7) need to match. According to Equation (3-7), the rate of surface inward diffusion dr;

across the differential length dL can be expressed as follows (7> = dn./df):

dnz kBT
= — ] = —_— 3'8
dr, =d ( i ) 5 Court dL (3-8)
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Equation (3-8) is valid for any differential length dL along the pore rim. Therefore, by integrating dr,

over the circumference of the pore L = zD,, it is derived that:

kBT kBT T[kBT
r = idrz = f ’an Csurf AL = m Csurtl = ’ m Csurpo (3-9)
L

Equation (3-9) is consistent with Equation (3-5). Accordingly, the forward rate constant associated with

the surface diffusion pathway k; is therefore given by:

) Tl.'kBT
k, = — / D (3-10)
2 Csurf 2m P

The backward rate constant £, from the pore to the adsorption layer can be derived in a manner

similar to that used to derive k- in the direct impingement pathway. The equilibrium constant between
the surface adsorption state (areal adsorption density Cs.f) and the pore mouth state (pore mouth
molecular number Npor) is equal to the forward rate constant k> divided by the reverse rate constant k-

2. Therefore, N;(?;;‘ /Csurt = ko /k_,, where N;(?r‘;l is the number of gas molecules at the pore mouth
under the equilibrium condition. Recall the surface Henry’s coefficient Hg,,s = Cyyr/p (Equation (3-1))

eqm

and the pore Henry’s coefficient Hpore = Nyore

p. Therefore, the backward rate constant k-, can be

derived as follows:

C C H ’nk T H
k—z _ kz Sel:;:q _ k2 Sél;i/p _ k2 surf _ B surf Dp (3_11)
Npore Npore/p Hpore 2m Hpore

Knowing the rate constants k1, k-1, k2, and k-», the overall gas permeation rate can be derived as

follows. At steady state, the number of gas molecules at the pore mouth should be time invariant:

deore

= —-1r_.+ -1, — =0 3-12
de rn—r-q4Tn r_o 3 ( )

=k,p= T Dg 3-12
rn=rkKnp= 2kaT4Zp (3-12a)
T D{
r—1 = k—leore = kaBTmNpore (3-12b)
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T[kBT
1y = kyCsure = ko Hsurtp = ’WDpHsurfp (3-12¢)
T[kBT H f
r_, = k_ZNpore = WﬁDprore (3-12(1)

r3 = ktranszore (3-12¢)
Using Equations (3-12a)—(3-12¢) in Equation (3-12), it is derived that:
klp - k—leore + kZHsurfp - k—ZNpore - ktranszore =0 (3'12f)

ki + kZHsurf
N = 3-12
Pore =P Ry + Furans G-z

Using the relations k_; = kq/Hpore (Equation (3-4)) and k_, = k; Hgyre/ Hpore (Equation (3-11)),

Equation (3-12g) can be rewritten as follows:

N =p kl + kZHsurf =p 1
pore kl + szsurf +k 1 + ktrans
Hpore trans Hpore kl + szsurf
(3-13)
_ 1 p
1 1 ktrans

Fa F KoHsurt  Frrans Fpore
The overall transport resistance R is defined as the ratio between the pressure p and the overall transport
rate r3. Note that R can be interpreted as the inverse of the pressure-normalized flow rate. Using the
expression for Npore given in Equation (3-13), it is derived that:

r=P__ P _ LI 3-14
T3 ktranszore ky + ko Hgyrt ktransHpore G-19

Note that each term in the denominators of the fractions in Equation (3-14) can be regarded as a transport

resistance, corresponding to each transport step, that is,

Ril=k, = i D—S 3-15
LT 1 2mkgT 42 (3-15)

_ T[kBT
R; t= kyHsure = WDpHsurf (3-16)
R?jl = ktransHpore (3-17)

Based on Equations (3-15)—(3-17), Equation (3-14) can be conveniently rewritten as follows:
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1
R=Rs+94— (3-18)

Note that R, R», and R; represent the innate kinetics associated with each transport step. Indeed, R; is
the resistance associated with the direct impingement step, R, is the resistance associated with the
surface diffusion step, and R; is the resistance associated with the translocation step. Therefore, the
overall resistance associated with these three steps is modeled by R; and R, being in parallel, and their
combination being in series with R3 (Figure 3-2b).

Equations (3-14)—(3-18) provide important insights into the dependence of the gas flow rate on the
pore diameter D,. When D, is approximately equal to the gas kinetic diameter Dnm, the translocation
energy barrier E, leads to an extremely small translocation coefficient Fkians, Where Kipqns &

exp(—E,/kgT) and a large Rs;. Wang et al proposed that the energy barrier E, =

\/W (20/ Dp)12 , where ¢ and ¢ are Lennard-Jones parameters that approximate the gas
molecule-pore interaction, and a is the distance between adjacent atoms on the pore rim.?® The distance
parameter ¢ in the Lennard-Jones potential is strongly correlated to the gas kinetic diameter Dr, and
therefore, the energy barrier increases significantly as Dy, approaches, or even exceeds, Dp. For better
accuracy, kians and R3 should be treated as implicit functions of Dy, and D, and these values can be
obtained using all-atomistic MD simulations (Chapter 2). In cases where R; is large, the translocation
resistance R3 is dominant (R = R3) because it is much greater than both R; and R», and my model can
reproduce the activated regime in the small pore limit. In the activated regime, the size of the pore
becomes discretized, and pore features like shape and eccentricity can strongly affect its barrier
properties.

On the other hand, when D, is sufficiently large relative to Dy, (but still smaller than the gas mean
free path), the pore edge no longer imposes a translocation energy barrier and R; is small and negligible.

As Dw/D, = 0, o/D, — 0, and the energy barrier £, — 0. Considering the direct impingement (R71)

and surface diffusion (R;') pathways, R7! scales as D,> (Equation (3-15)) and R; ! scales as D,
(Equation (3-16)). Therefore, in the large pore limit, R{* > R31, and the direct impingement pathway

is dominant (R = R;), which reproduces the effusion mechanism. It is noteworthy that R, R», and R;3
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exhibit different temperature dependences. To further study the role of temperature on gas permeation,
I carried out MD simulations at different temperatures to probe the physical nature of the transport steps
(see the sections below).

The theoretical permeation model introduced above was based on several assumptions, including
100% permeation success probability, and is expected to demonstrate deviations from real practical
situations. More specifically, the permeation model requires revision, validation, and calibration due to
the following reasons. First, the rate of surface diffusion depends on the value of the surface Henry’s
coefficient Hqr. It is still an open question whether the surface diffusion step is rate determining, and
if it is, under what conditions. Second, the equations proposed above may require some corrections
associated with potential nonidealities of the gases considered which need to be accounted for. For
example, the diffusion of a gas molecule from the adsorption layer to the pore mouth could also require
overcoming an energy barrier (Appendix 2.9.2).!%% This energy barrier along the surface diffusion path,
in turn, would reduce the flow rate of gas from the adsorption layer to the pore mouth. Third, there may
be additional pathways, or mechanisms, that were not considered in my model. For example, the direct
impingement and the surface diffusion pathways can potentially interfere with each other. In the
following sections, I will utilize MD simulations to test the validity of my gas permeation model,

including refining it as needed.

3.3 Overview of Molecular Dynamics Simulations

In order to test the validity of my transport model, I carried out MD simulations to estimate the gas
permeation rate and to study its dependence on the pore size (see Section 3.9 for more details). As
shown in Figure 3-3a, a typical simulation run was carried out in a 10 x 10 x 80 nm? simulation box,
separated into two identical compartments by two 10 x 10 nm? graphene sheets placed parallel to each
other, with one hydrogen-terminated pore on each sheet. The two compartments had the same number
of gas molecules and were in equilibrium at the beginning of the simulation (Figure 3-3a). The number
of permeation events in both directions was counted by analyzing the trajectories of all the gas
molecules. Due to the rarity of gas-gas collisions in the dilute gas limit, the one-sided non-equilibrium

permeation rate is one half of the two-sided equilibrium permeation rate. This strategy was introduced
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and justified by Sun et al.*® Because the simulation box contains two porous graphene sheets, the one-
sided gas flow rate through one membrane was one quarter of the two-sided flow rate in the entire

simulation box.

Ltl - s b 1 t
G Ouo%L AL i
Figure 3-3. (a) Snapshot of the MD s1mu1at10n measuring Ar permeatlon through graphene pores of 1.3
nm diameter. (b-d) Atomic structures of the 1.3 nm, 1.9 nm, and 3.9 nm diameter graphene nanopores,
respectively. Color code: cyan—C, white—H, orange—Ar.

I simulated gas permeation through three types of nanopores, with diameters of 1.3, 1.9, and 3.9
nm, respectively (Figure 3-3b-d). These pores are sufficiently large relative to the kinetic diameters of
the three gases considered (CO»: 0.33 nm, Ar: 0.34 nm, and CH4: 0.38 nm).® As a result, there is no
translocation energy barrier, resulting in a low translocation resistance (R3 = 0). Therefore, Equation
(3-18) can be rewritten as follows:

n  Df N wkgT
2mkgT 4Z 2m

R = Rl_1 + Rz_l = kq + kyHgyrs = ——D Hsurf (3-19)

where Equation (3-15) and (3-16) were used. Note that R™! is also defined as the pressure-normalized
permeation rate, with a unit of mol s™' Pa™! (or molecule s ! Pa™'). Because in the following discussions,
the transport resistances R, R;, and R, will be referred to mainly in the inverse form, for simplicity, I
introduce the total permeance per pore I1 = R = ry/p. It is worth noting that the definition of
“permeance per pore” adopted here is different from the common definition of permeance as the
pressure-normalized gas flux (with a unit of mol s™! Pa™! m2). Note also that the conventional

permeance, as well as the permeance per pore, are simply related through the areal pore density.
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Following my definition, I define the permeance per pore associated with the direct impingement
pathway as I1;, and that associated with the surface diffusion pathway as Il,. According to my model,
the total permeance per pore is partitioned into its two contributions, I1; and Il,, as follows (derived

from Equation (3-19)):

N=R1=R{Y+R; Y =ky + kyHgys =1; + 11, (3-20)
M, =k Dy 3-21
1T 2mkgT 42 (3-21)
T[kBT
I, = kyHgyrr = WDpHsurf (3-22)

In order to compare my simulation results with Equations (3-20)—(3-22), the permeation events
observed in the MD simulations need to be partitioned into those associated with the direct impingement
pathway (referred to as the “direct pathway” in the figures) and with the surface diffusion pathway
(referred to as the “surface pathway” in the figures). To this end, a permeation event is considered to be
associated with the direct impingement pathway if the gas molecule moves into the pore mouth cylinder
state from the top and then crosses the pore (Figure 3-1). Otherwise, if the gas molecule moves into the
pore mouth cylinder state from the side and then crosses the pore, the permeation event is associated
with the surface diffusion pathway. The height of the cylinder pore mouth state was set at 0.7 nm, which
is consistent with the thickness of the surface adsorption layer (Figure 3-11 in Appendix 3.10.3).
Although the choice of this height can affect the partition of the permeation events, the effect is minor
(Figure 3-12 in Appendix 3.10.3). The pressure and the compressibility factor resulting from each
simulation were calculated by the equations of state provided by the open source program CoolProp.!%
In my simulations, the most non-ideal compressibility factor Z is 0.96, obtained for CO, at 7= 300 K
and p = 7.2 bar, which is close to the ideal gas limit (Z = 1). This finding indicates that all my MD
simulations were carried out near the ideal gas condition.

Figure 3-4 shows how the gas permeation depends on pressure, temperature, and pore diameter, as
well as on the contributions from the direct impingement and the surface diffusion pathways, all

obtained from the MD simulations. As shown in Figure 3-4a, the total permeances per pore of the three
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gases considered are independent of pressure up to ~10 bar. This suggests that the parameters in
Equations (3-20)—(3-22) are independent of pressure. The error bars (95% confidence intervals) were
obtained by assuming that each permeation event occurs independently and randomly, and that the total
number of permeation events follows a Poisson distribution. The equation used to calculate the
confidence interval (Appendix 3.10.4) indicates that a greater number of total permeation events leads
to a lower error. Accordingly, in the remainder of this chapter, unless stated specifically, because the
total number of permeation events is proportional to the pressure, the highest pressure for each gas is
chosen in order to minimize the relative errors (Figure 3-4a). Figure 3-4b shows that the gas permeance
per pore decreases as the temperature increases. This is because the contributions from the direct
impingement and the surface diffusion pathways are both decreasing functions of temperature (see the
following sections for more discussions). Note that the gas permeance per pore increases non-linearly
with the pore diameter (Figure 3-4c), and that the contributions from the direct impingement and the
surface diffusion pathways increase differently with increasing pore diameter (Figure 3-4d).
Specifically, the direct impingement pathway permeance per pore scales non-linearly with pore
diameter (as predicted by Equation (3-21)), while the surface diffusion pathway permeance per pore
scales nearly linearly with pore diameter (as predicted by Equation (3-22), and shown by the blue dashed
line, Figure 3-4d). The cases corresponding to CH4 and Ar are similar, and are shown in Figure 3-13

(Appendix 3.10.5).
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Figure 3-4. Total permeances per pore of CO,, CHa, and Ar through 1.9-nm pore at (a) various pressures
and (b) various temperatures. (¢) Permeances per pore of CO,, CHy4, and Ar as functions of the pore
diameter at 300 K. (d) Contributions of the direct impingement and the surface diffusion pathways to
the total CO; permeance per pore as a function of the pore diameter at 300 K.

3.4 Direct Impingement Pathway

Figure 3-5 provides additional details about the direct impingement pathway. The permeance per pore
contributed by the direct impingement pathway mildly decreases with increasing temperature (Figure
3-5a), which is consistent with the theoretical prediction (Equation (3-21)). Furthermore, Equation
(3-21) (green dashed line, Figure 3-5b) can predict the rate of direct impingement attempts of CO, with
a slight underestimation relative to the MD simulation result (orange dashed line). However, the theory
(green dashed line) overpredicts the actual permeance per pore (blue dashed line), because only a
fraction of the direct impingement attempts results in successful permeation. In fact, the majority of the
direct impingement attempts to the pore mouth area do not lead to permeation. The situation is similar

for CH4 and Ar (Figure 3-14a, b in Appendix 3.10.5).
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Figure 3-5. (a) Permeance per pore contributed by the direct impingement pathway as a function of
temperature for CO,, CHy, and Ar. (b) Comparison of the permeance per pore contributed by the direct
impingement pathway obtained using MD simulations and the theory (Equation (3-21)) for CO; at 300
K. (¢) Comparison of the success ratio of the direct impingement pathway obtained using MD
simulations and the steric selectivity theory proposed in Chapter 5 (Appendix 5.6.1) for CO; as a
function of pore diameter at various temperatures. (d) Deviation of the theoretical predictions (Equation
(3-21)) from the MD simulation-observed permeation attempts for CO, as a function of temperature for
various pore diameters.

The discrepancy between the permeation rate and the attempt rate observed in MD simulations
indicates that a factor 6 which is smaller than unity needs to be introduced to correct the theoretical
prediction associated with the direct impingement rate. Indeed, a fraction of these attempts fail because
a gas molecule can collide with the pore edge and bounce off.?® Therefore, J is defined as the ratio
between the successful permeation rate and the attempt rate associated with the direct impingement
pathway obtained in the MD simulations. For a given gas, this effect is expected to be less pronounced
as the pore diameter increases. The success ratio d of CO increases from 0.3 to 0.6 as the pore diameter
increases from 1.3 to 3.9 nm (Figure 3-5c). As the pore diameter increases further, for a given gas, J

should approach unity. This correlation is independent of temperature (see the four curves

corresponding to 300, 400, 500, and 600 K for CO, in Figure 3-5¢). A similar trend holds in the case of
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CH,4 and Ar (Figure 3-14c, d in Appendix 3.10.5). In fact, this phenomenon will be deeply explored in
great detail in my experimental study reported in Chapter 5, and is referred to as the steric selectivity

mechanism (Appendix 5.6.1). It is shown that the success ratio J can be approximated as follows:

D\
(-

The prediction made using Equation (3-23), denoted as “steric” in Figure 3-5c, considers the
distribution of the angle of incidence. Alternatively, if all the impingement attempts are assumed to be
normal to the graphene plane, the success ratio can be approximated as § = (1 — Dw/D,)*. However,
Figure 3-5¢ shows that Equation (3-23) (the blue dashed line) overestimates the success ratio ¢ relative
to the MD simulation results (the other four almost overlapping lines), suggesting that additional factors
reduce the success ratio. For example, the trajectory of an impingement attempt may be distorted
towards the pore edge due to the van der Waals interactions exerted by the pore edge atoms, which
would decrease the likelihood of a successful crossing. Note that in the steric selectivity mechanism
(Appendix 5.6.1), the impingement trajectories of the gas molecules are assumed to be straight and
unaffected by the van der Waals attractive forces. Because of the expected molecular-level complexity
of the gas—pore interaction, I propose a semi-empirical equation for the success ratio, inspired by

Equation (3-23):

§=(1 D" 3-24
()

Interestingly, the proposed equation can reproduce the limiting cases: (i) Dm =0 leads to d = 1 (no
reduction in the success ratio due to gas molecule-pore collision), and (ii) Dm = D, leads to 6 = 0 (zero
success ratio due to 100% likelihood of collision). I fit In(d) vs. (1 — Dw/D,) using a linear correlation,
and the fitting results show that the exponent a in Equation (3-24) is different for the three gases
considered: a(CO») = 4.58 (R* = 0.93), a(CH4) = 3.68 (R* = 0.95), and a(Ar) = 4.32 (R* = 0.97). No
obvious correlation is found between the value of a and the properties of the three gases considered,
including their kinetic diameters and Lennard-Jones parameters. Nevertheless, all the three o values are
greater than 3 in the steric selectivity mechanism (Appendix 5.6.1), indicating an enhanced gas

molecule-pore edge interaction relative to that predicted by the original steric selectivity mechanism.
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It is also noteworthy that Equation (3-21) underestimates the rate of direct impingement attempts
relative to the MD simulation results. Indeed, in Figure 3-5d, the difference between the simulated and
the predicted direct pathway impingement attempts is plotted as a function of temperature for CO, and
three pore diameters. Interestingly, Figure 3-5d shows that the difference is a decreasing function of
temperature and an increasing function of the pore diameter, instead of being random. This trend is also
observed for CH4 and Ar (Figure 3-14e, f in Appendix 3.10.5). This difference (Figure 3-5d) is one
order of magnitude lower than the rate of the simulated direct impingement attempts (Figure 3-5b). This
finding suggests that the difference between the simulated and the theoretical results reflects the

existence of a separate minor permeation pathway, which will be discussed in Section 3.6.

3.5 Surface Diffusion Pathway

The gas permeance contributed by the surface diffusion pathway decays rapidly with increasing
temperature for D, = 1.9 nm (Figure 3-6a). This is mainly due to the exothermic gas molecule-graphene
adsorption contributed by the van der Waals interaction. Similar observations can be made for D, = 1.3
nm and D, = 3.9 nm (Figure 3-15a, b in Appendix 3.10.5). The surface Henry’s coefficient Hsur
represents the magnitude of the gas adsorption on the graphene surface, and it is correlated to

temperature according to the van’t Hoff equation, involving the heat of adsorption AH,4s.*' Specifically,
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Figure 3-6. (a) Permeance per pore contributed by the surface diffusion pathway as a function of
temperature for CO,, CHs, and Ar. (b) Schematic illustration of monitored transport rates associated
with the surface diffusion pathway. (¢) Comparison of the permeance per pore contributed by the
surface diffusion pathway obtained using MD simulations and my theoretical predictions as a function
of pore diameter for CO, at 7= 300 K. (d) Injection coefficient corresponding to the surface diffusion
pathway 7i,j as a function of temperature for the three gases considered for D, = 1.9 nm. (e) Potential
energy landscape of a CO, molecule near the 1.9-nm diameter graphene pore. The peak represents a
rise in energy above the pore. (f) Transfer ratio corresponding to the surface diffusion pathway Yuans as

a function of pore diameter for CO, at various temperatures.
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AHads) (3-25)

Hsurf(T) = ngrf exp (_ kBT
where H, ¢ is the prefactor. Heat of adsorption values for the three gases considered were derived by
fitting Hg,,+¢(T) obtained from MD simulations to Equation (3-25), within the temperature range from

300 to 600 K, and are listed in Table 3-1.

Table 3-1. Heats of adsorption and energy barriers of injection for CO,, CHs, and Ar within the
temperature range 7 = 300 to 600 K.

Heat of adsorption Energy barrier associated with injection E jn; (kJ mol ™)
AH,gs (kJ mol™) D, =1.3nm D, =1.9 nm D, =3.9 nm
CO; -10.7+0.5 2.2 2.3 2.7
CH4 -9.2+0.6 1.9 2.0 2.2
Ar 79+1.0 2.2 2.0 2.4

In order to analyze the surface diffusion pathway, two individual steps can be identified along this
pathway (orange and blue arrows in Figure 3-6b). Firstly, a gas molecule adsorbed on the graphene
surface injects into the pore mouth area (orange arrow in Figure 3-6b, denoted as “injection to pore” in
Figure 3-6¢). Subsequently, the injected molecule permeates through the pore (blue arrow in Figure
3-6b, denoted as “success permeation” in Figure 3-6¢). It is worth noting that the rates of both steps are
significantly lower than the theoretical prediction provided by Equation (3-22) (denoted as “theory” in
Figure 3-6¢). Interestingly, if the “pore area” is moved away from the physical pore in the graphene
lattice and the gas injection rate is monitored as if the pore were located at a new location (green arrow
in Figure 3-6b), the rate of injection to the “fictitious pore” in the lattice (denoted as “injection to lattice”,
green dashed curve in Figure 3-6¢) matches the theoretical prediction (denoted as “theory”, red dashed
curve in Figure 3-6¢). Note that this fictitious pore injection rate is independent of the fictitious pore—
real pore distance when it is greater than 5 nm. Therefore, in the first step along the surface diffusion
pathway, a fraction of the injection attempts is rejected. In addition, in the second step, among the gas
molecules that arrive at the pore mouth area, only a fraction permeates through the pore. This behavior
is similar for CH4 and Ar (Figure 3-15¢c, d in Appendix 3.10.5). Here, the first success ratio is denoted

as the injection coefficient y;y, and the second success ratio is denoted as the transfer ratio pians.
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As shown in Figure 3-6d, the injection coefficient yi,; for Dp = 1.9 nm is an increasing function of
temperature, indicating that the injection step is associated with climbing an energy barrier (similar
results are obtained for the other two pore diameters, see Figure 3-15¢, f in Appendix 3.10.5). Figure
3-6e shows the potential energy landscape of CO, adsorbing on graphene in the vicinity of the pore.
The potential energy increases as the CO, molecule moves above the pore region, because the carbon
atoms missing from the graphene lattice, due to the presence of the pore, are not able to interact
favorably with the gas molecules via van der Waals interactions. In other words, an adsorbed gas
molecule needs to “desorb” from the graphene lattice to enter the pore area, which involves an energy
barrier. In the case of CH4 and Ar, as well as of the other two pore sizes considered, the potential energy
landscapes are similar to that in Figure 3-6e, with varying heights and basal areas of the potential energy
protrusion. This energy barrier violates the assumptions underlying Equation (3-22) because the
gradient in the potential energy landscape felt by the gas molecules disrupts their in-plane distribution.
The energy barriers associated with injection E,inj for the three gases considered can be derived by

fitting the three injection coefficients yi, to temperature according to an Arrhenius equation. Specifically,

E. . .
0 a,inj
Yini = Vi €XP (— ) (3-26)
inj inj kgT

where yi?]j is the prefactor. The energy barriers associated with injection into pores for the three gases
considered having values of D, equal to 1.3, 1.9, and 3.9 nm, respectively, are listed in Table 3-1.
Because of the “desorbing” nature of the injection step, the energy barrier associated with injection
should be correlated to the heat of adsorption. Note that for the three pore diameters considered, the
energy barrier associated with injection Ej j,j is 20-30% of the heat of adsorption AH,q4s (absolute
value). This is because the gas molecule only needs to climb less than halfway on the energy bump to
enter the pore region. The fitted values of the prefactor y&j in Equation (3-26) for the nine cases
considered (three gases and three pores) are close to 1 (1.00 = 0.11). Therefore, yi%j = 1. If Eajnj
approaches 0, yinj approaches its maximum value of 1, which is consistent with the definition of yi,j as a
success ratio between 0 and 1.

The transfer ratio ywans Characterizes the success ratio associated with a gas molecule crossing the

membrane if it has entered the pore area. Although some gas molecules may have entered the pore area,
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they could have slided across the pore without permeating through the pore. As shown in Figure 3-6f,
ywans Tor CO; is nearly independent of temperature, and therefore, this second step does not involve
climbing an energy barrier. For CHs and Ar, similar observations can be made (Figure 3-15g, h in
Appendix 3.10.5). In addition, yuans is positively correlated to the pore diameter (Figure 3-6f, also Figure
3-15g, h), which is expected because a larger pore is more likely to allow gas permeation. It is
noteworthy that a theoretical prediction of yuans is challenging, because the momentum change which
drives a gas molecule to cross the pore involves complex gas—pore and gas—gas collisions. Nevertheless,
additional insight can be gained by considering the following two limiting cases: (1) when D,
approaches 0 (Dw/D, approaches infinity), yirans should approach 0 because the pore is closed, and (2)
when D, approaches infinity (Dw/D, approaches 0), yuans is expected to approach 0.5 because the gas

molecule has equal probability to move towards, or to move away from, the pore in the z direction.

3.6 Minor Spillover Pathway

Recall that in the direct impingement pathway analysis, Equation (3-21) underpredicts the rate of the
direct impingement attempts relative to the simulation results, with the deviation showing a sharp
decrease with increasing temperature (Figure 3-5d). This negative correlation with temperature
resembles the temperature dependence of the permeance via the surface diffusion pathway (Figure 3-6a).
Therefore, it is hypothesized that the surplus direct impingement attempts observed in my MD
simulations originate from the adsorption layer. In order to test this hypothesis, I analyzed the angle of
incidence distribution among all the permeation events as follows. The angle of incidence is defined as
the angle formed between the direction normal to the graphene plane (+z) and the tangent to the
molecule’s trajectory at the point of crossing the graphene basal plane (z = 0), as shown in the inset at

the top-right in Figure 3-7a. Assume that the crossing occurs at time #. In this case, the angle of

incidence € can be derived from the velocity v of a gas molecule at the crossing point:

ool
\Jot +133)

(3-27)
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Because the trajectories recorded in the MD simulations are discretized in time, the secant between
times #o and #—At is used to replace the tangent at 7, where Af is a small time interval. Therefore, the

angle of incidence obtained from my simulations should be calculated as follows:

( z(ty) — z(ty — At) ]
6 = tan™1 at (3-28)
ty) — x(ty — AD)T? ty) — y(ty — AD)T?
\/[x( 0) ZE 0 )] + [J/( 0) Xg 0 )]

Note that in the limit of At — 0, Equation (3-28) reduces to Equation (3-27). Interestingly, Af can
be carefully tuned to reveal additional mechanistic details. For example, the angle of incidence can be
used to determine whether a permeated gas molecule originates from the bulk gas phase or from the
adsorption layer. To this end, the average distance VAt traversed by a gas molecule having average
speed v during time Af should satisfy the following requirements. First, vAt should be greater than the
pore diameter D,. Otherwise, the gas molecule’s traveling trajectory before entering the pore mouth
region is not recorded, because the entering event occurred longer than A ago, and the information is
lost about whether the gas molecule comes from the bulk gas or from the surface adsorption layer.
Second, vAt should be less than the gas mean free path 1 to ensure that gas—gas collisions do not

confound the angle of incidence distribution. Accordingly, the following inequality should be satisfied
by VAt: D, < VAt < A. According to the Maxwell-Boltzmann distribution, v = /8kgT/mm.*" The

gas mean free path is given by 1 = (v2mD2p) ™1, where p is the volumetric number density of the bulk
gas.*! Consider one of the simulation cases for CO,, where the gas pressure is 7.4 bar, the temperature
is 300 K, and the pore diameter is 3.9 nm. In this case, At should satisfy 10 ps < Az < 30 ps. For the
other two gases and the other two pore sizes considered in this chapter, the upper and lower bounds for
At may differ, and the corresponding At value can be carefully chosen in order to carry out a similar

analysis as shown below.
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Figure 3-7. (a) Schematic illustration of the gas permeation mechanism through a graphene nanopore.
(b) Angle of incidence distribution of a CO, molecule crossing a 3.9-nm-diameter graphene pore with
At ranging from 1.2 ps to 40 ps. (c) Angle of incidence distribution of a CO; molecule crossing a 3.9-
nm-diameter pore from the direct impingement and the surface diffusion pathways, where A¢ = 16 ps.
The minor peak at high angle of incidence in the direct impingement pathway represents a minor
spillover pathway.

Figure 3-7b shows the angle of incidence distribution corresponding to the above-mentioned
simulation case. The y axis represents the number of occurrences during the 5 ns simulation for each
bin of the angle of incidence on the x axis. When Ar = 1.2 ps, only a very short length of the molecular

trajectory close to the pore mouth is recorded, and the angle of incidence follows the distribution f «

sinfcosé (top panel in Figure 3-7b), indicating an entirely random angular distribution (Appendix
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5.6.1).%% In other words, this distribution shows no memory regarding the pore. As the time interval Az
increases, a peak at high angle of incidence emerges, reflecting the contribution from the surface
adsorption layer. At a time interval of 16 ps, the angle of incidence distribution exhibits both a broad
direct impingement peak at 45° and a sharp surface diffusion peak at near 90° (second to bottom panel
in Figure 3-7b). As At is further increased to 40 ps, which is higher than the upper limit of 30 ps
determined by the relation VAt < A, the direct impingement peak becomes biased as it shifts to the low
angle of incidence direction, due to gas—gas collisions (bottom panel in Figure 3-7b). Considering that
At should satisfy the constraint, 10 ps < Az < 30 ps, for CO, for a pore with D, equal to 3.9 nm, At =16
ps is chosen as the most appropriate choice for later analysis (top panel in Figure 3-7¢).

The above-mentioned methodology is used to analyze the angle of incidence distribution of the
permeation events which were previously classified into the surface diffusion or the direct impingement
pathways. Note that the pathway of a permeation event is determined by examining whether the gas
molecule entered the pore mouth region from the top or from the side. As shown in the middle panel in
Figure 3-7c, the angle of incidence distribution corresponding to the surface diffusion pathway shows
a single peak at high angle, because the trajectories of the surface diffusion pathway are parallel to the
graphene plane and perpendicular to the z direction. On the other hand, as shown in the bottom panel in
Figure 3-7c, the angle of incidence distribution corresponding to a direct impingement pathway exhibits
a minor peak at high angle, along with a broad sinfcosf peak at 45° associated with random
impingement. This minor peak indicates that a fraction of the direct impingement events originated
from the surface adsorption layer (Figure 3-7a), and therefore, could not be predicted by the original
bulk-gas-based theory (Equation (3-21)). This additional minor pathway explains well the surplus of
MD simulation-observed direct impingement attempts over those predicted by the original theory.

Figure 3-7a illustrates this additional minor pathway as a spillover resulting from surface
accumulation (the purple arrow). As shown previously, the majority of the surface injection attempts
into the pore area are rejected (the blue arrows). These rejected gas molecules create a local high gas

density in the vicinity of the pore, and get recirculated as direct impingement (the red arrow). Therefore,
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the minor spillover pathway possesses characteristics of both the direct and the surface pathways, which
motivates the following power law estimation:

Kminor = @K\ theoryK3 theory (3-29)
where a, b, and c are fitting parameters, and K ieory and K> meory are the theory-predicted permeances
per pore corresponding to the direct impingement (Equation (3-21)) and the surface diffusion pathways
(Equation (3-22)), respectively. The fitted results for CO,, CH4, and Ar at different temperatures are: a
=276 x 1073, b =0.31, and ¢ = 0.91 (R? = 0.88, Figure 3-16 in Appendix 3.10.6). The unit for the

''s7!. Because ¢ > b, the minor

permeances per pore appearing in Equation (3-29) is molecule Pa~
spillover pathway depends more strongly on the surface diffusion pathway, and demonstrates a pore

size dependence of (D,2)*3(D,)**' = (Dp)".

3.7 Transition between Regimes

Combining Equations (3-20)—(3-29), when the translocation resistance is negligible, the predicted
permeance per graphene nanopore is given by:
K = 8K theory + Vinj¥transKz,theory * 2.76 X 107K it tory K theory (3-30)

Note that the gas permeance contribution from the minor spillover pathway (the third term on the right
hand side of Equation (3-30)) is orders of magnitude smaller than the contributions from the direct
impingement pathway (the 6K theory term in Equation (3-30)) and the surface diffusion pathway (the
YinjYtransK2 theory term in Equation (3-30)). Accordingly, in the following discussions regarding gas
permeation through graphene nanopores, it is safe to neglect the spillover pathway. Note that, for other
2D materials, other pore sizes/densities, or other gases, the value of @ in Equation (3-29) may be non-
negligible, and the spillover pathway should be considered. In the current case of graphene, K =
0K theory  VinjYtransK2 theory- Comparing this equation with the purely theoretical model, K = K; +
K, (Equation (3-20)), it is observed that the gas permeances per pore from the direct impingement
pathway and the surface diffusion pathway need to be corrected by three factors: d, yinj, and yians. The

three correction factors are then inserted into the original theoretical prediction in Equation (3-14),
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which includes the translocation step. Therefore, the overall gas permeation resistance for a wider pore

diameter range, including the activated (translocation-limited) regime can be expressed as follows:

1 1

= +
l + i 5k1 + yinjytranskZHsurf ktransHpore (3_31)
Ri " Ry

R:R3+

In Chapter 2, I derived an expression for the transport resistance of the translocation step R3 based
on transition state theory and MD simulations. Accordingly, all the relevant expressions can be

combined, including using relevant numbers for the translocation (KransHpore in Equation (3-31)), the

direct impingement pathway ( 8k; in Equation (3-31)), and the surface diffusion pathway
(YinjYtransk2Hsurs in Equation (3-31)), to predict the gas permeance per pore for graphene pores ranging
from 0.5 to 6 nm in diameter for CO, (Figure 3-8, Figure 3-17¢ in Appendix 3.10.7), CH,4 (Figure 3-17a),
and Ar (Figure 3-17b). Because the exact mathematical expressions to predict yinj and Yians 1S nOt
available, some approximations need to be made to estimate their values for other pore diameters. In
order to calculate yij, Eainj needs to be first obtained using Equation (3-26). To this end, it is noticed
that E. inj/|AHags| = 0.25, as seen from the empirical relation between the two energetic terms (Table 3-1).
It is noteworthy that the value of E, ni/|AHa.ds| could change as a function of pore functionalization. For
example, oxygen termination would attract CO; molecules into the pore due to stronger electrostatic
and dispersion interactions, thereby reducing E, . In the case of yirans, the values of yiuans are estimated
by linear interpolation of the MD simulation results. Note that it is assumed that my predictions of the
correction factors, d, yinj, and Yirans, can be extrapolated to the small pore limit. However, the exact values
of the three correction factors in the small pore limit, corresponding to the activated gas transport, are
difficult to obtain because their respective effects will be obscured by the rejections from the energy

barrier for translocation.
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Figure 3-8. (a) Inverse transport resistances associated with the translocation (green), the direct

impingement (red), and the surface diffusion (blue) pathways, and the overall permeance per pore (black)
as a function of pore diameter for CO; at 300 K. The two perpendicular grey dashed lines separate three

transport regimes, from left to right: translocation dominated, surface diffusion pathway dominated,

and direct impingement pathway dominated, from left to right. (b) Permeance per pore of CO, and CHy4

(black and yellow curves, respectively) and corresponding CO,/CH4 separation factor (blue dotted curve)
as a function of pore diameter at 300 K. The horizontal and perpendicular grey dashed lines denote the

pore diameter value at which the values of the CO, and CH4 permeances per pore are equal, and

consequently, the separation factor is equal to 1.

Figure 3-8a shows the various contributions to the permeance per pore for CO, permeating through
a circular pore of diameter ranging between 0.5 to 6 nm at 300 K, predicted using Equation (3-31). The
translocation (R3 1), direct impingement pathway (Ry 1), and surface diffusion pathway (R 1) transport
kinetics scale differently with the pore diameter. For pores with D, < 0.72 nm, the energy barriers

associated with crossing the pore are greater than 2 kJ mol™!, which impedes the translocation step. In

this regime, the translocation step (solid green curve in Figure 3-8a, taken from Chapter 2) is slower
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than the surface diffusion step (blue curve in Figure 3-8a): R31 < 1.4 x 10* Pa~ts™* < R;1. The
critical transition pore diameter D, can be calculated by equating the translocation and the surface
pathway resistances:

Ktrans(Dp)Hpore = R3' = R3" = ¥inj¥trans(Dp) k2 (D) Hours (3-32)

According to Equation (3-31), R3 dominates the overall gas permeation (dashed black curve in
Figure 3-8a) in this translocation-dominated regime (see the overlap of the green and black curves), in
accordance with the activated regime discussed in Chapter 2. Note that in this regime, the direct
impingement step (red curve in Figure 3-8a) is much slower than the surface diffusion step (blue curve),
and does not contribute much to the overall gas permeance. As the pore diameter increases beyond 0.72
nm, the energy barrier decreases to 0, and the translocation rate increases rapidly. This rapid increase is
shown in Figure 3-8a by the green dashed line extended out from the green solid curve as an estimated
trend. When D, > 0.72 nm, R3! is greater than both RT! and R; !, and becomes increasingly less
important in dictating the overall permeance per pore (Equation (3-31)). As shown in Figure 3-8a, the
overall permeance per pore (dashed black curve) makes a transition from the translocation dominated
(solid green curve) to the surface diffusion dominated (blue curve) from D, = 0.72 nm to 1 nm. For 1
nm < D, < 2 nm, the surface diffusion pathway dominates the overall permeance per pore, as shown
by the close correlation of the dashed black curve and the blue curve between the two grey dashed lines
in Figure 3-8a. Another regime transition occurs at Dy, = 3.4 nm, where the direct impingement step
(red curve) and the surface diffusion step (blue curve) have the same rates: § (D;‘,)kl (D;) =Ril=
Ryl = yin]-ytrans(Di;)kz (D;)Hsurf. For a graphene pore larger than 4 nm in diameter, the direct
impingement pathway dominates, which is consistent with the steric regime proposed by Wang et al.*
The three regimes are separated by the two vertical grey dashed lines as shown in Figure 3-8a.

The cross-regime transition point for the graphene nanopore diameter depends on the permeating
gas. The pore diameter at the transition point from the translocation-dominated regime to the surface
diffusion pathway-dominated regime is more important because it is the upper limit of highly selective
molecular sieving. As shown in Figure 3-17a, b (Appendix 3.10.7), this transition pore diameter is 0.76

and 0.78 nm for CHs and Ar, respectively. This transition pore diameter is greater for larger gas
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molecules (CH4, Ar), because for larger gas molecules, the translocation energy barrier remains
significant for the graphene pores of larger sizes.

My prediction indicates that the surface diffusion mechanism can dominate for a certain pore size
range, albeit a relatively narrow one. It is worth noting that my simulations assume that the graphene
surface is perfectly clean. However, experimentally, the graphene surface is susceptible to the
adsorption of organic molecules from the gas phase, and of polymer residues from the graphene transfer
process (see Chapters 4 and 6 for more discussion).??® These factors will likely reduce the surface
pathway transport rate by decreasing the heat of adsorption or the in-plane diffusivity. Therefore, this
chapter represents a potential upper bound for the surface diffusion pathway rate.

By dividing the CO, permeance per pore in Figure 3-8a by the CH4 permeance per pore in Figure
3-17a (Appendix 3.10.7), the CO,/CH4 separation factor can be obtained as a function of the pore
diameter at 300 K (Figure 3-8b). This gas pair is of high interest because CO,/CH4 separation is crucial
in many industrial processes such as natural gas sweetening and oil recovery.?’” As shown in Figure
3-8b, a reasonable separation factor (> 5) can only be attained with a pore diameter less than 0.60 nm.
This implies that Angstrom-scale precision is required in the nanopore fabrication process in order for
the nanoporous graphene membrane to achieve a reasonably good CO,/CHy separation performance.'?
The effect of temperature is also studied (Figure 3-17c in Appendix 3.10.7). The pore diameter
restriction for CO»/CHj4 separation is further tightened to 0.56 nm at 400 K (Figure 3-17d in Appendix
3.10.7), because a higher temperature attenuates the energy barrier difference between CO, and CHa.
At 300 K, the CO,/CH4 separation factor is 1 when D, = 0.7 nm (Figure 3-8b). This pore diameter is
determined by a competition between the size and the mass of the gas molecules. On the one hand, CO-
has a smaller gas kinetic diameter than CH4, and therefore, has an edge over CH4 when the pore size is

small and the translocation step is dominant (73 = kiansNVpore ©< €Xp(-Ea/ksT)). On the other hand, CH4

has a smaller molecular weight and a higher average velocity. As a result, CH4 gains the advantage in

the large pore size limit where the surface diffusion and the direct impingement steps are dominant

(Ry* « m™v/2 and R;* o« m~1/2, Equations (3-21) and (3-22)). As D, continues to increase, the direct
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impingement pathway dominates, and the separation factor approaches the Knudsen effusion selectivity

limit (K o< m~"2).

3.8 Conclusions

This chapter presents a comprehensive theoretical framework to model gas permeation through
graphene nanopores of any given diameter. Specifically, I derived analytical equations to predict the
transport rates associated with the direct impingement and the surface diffusion steps, and then
integrated them with the translocation step to formulate the overall gas permeation rate per pore. The
transport resistances associated with the direct impingement and the surface diffusion steps are in
parallel, and that the translocation step resistance is in series with the parallel combination. I then used
molecular dynamics simulations to validate and refine the analytical model. Firstly, I showed that the
direct impingement rate should be corrected by a success ratio d. Secondly, I demonstrated that the
surface diffusion rate to the pore should be corrected by two correction factors, i and Yans,
characterizing the success ratio associated with diffusing into the pore area and crossing the pore,
respectively. Finally, I identified a minor spillover pathway from the surface adsorption layer using an
angle of incidence analysis. Based on these corrections, I predicted that the gas permeation through a
graphene pore begins from a translocation-dominated regime, followed by a surface-pathway
dominated regime, and finally by a direct-pathway dominated regime, as the pore diameter increases.
My modeling approach is applicable not only to nanopores in graphene, but also to nanopores in other
two-dimensional materials, including hexagonal boron nitride and transition metal dichalcogenides (e.g.,
molybdenum disulfide). This chapter provides insights into the use of nanoporous 2D materials
containing nanopores of varying sizes, for gas separation applications.

In the next chapter, I will further extend the theoretical prediction of gas permeation through a
single graphene nanopore to that through a large pore ensemble with a realistic pore size distribution,

including comparing with the experimental results to gain a deeper insight.
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3.9 Methods

MD simulations were carried out using the large-scale atomic/molecular massively parallel simulator
(LAMMPS).'7* The structures of the graphene pores are shown in Figure 3-3b, ¢, d. These pores are
chosen to be circular because a circular pore shape is preferred during the etching of graphene.*® Further,
these pores are also considerably larger than the gas kinetic diameters because this chapter focuses on
the non-activated transport regime, and the effect of the energy barrier associated with crossing the pore
needs to be avoided. The diameter of the pore is defined as the in-plane distance between two opposing
hydrogen atoms minus the van der Waals diameter of a hydrogen atom (0.22 nm).?°® The atoms in the
porous graphene sheets were kept frozen during the simulation in order to clearly identify the positions
of different regions (the bulk, the adsorption layer, and the pore mouth) with respect to the pore. Note
that, in practice, graphene has out-of-plane thermal fluctuations of ~ 0.5 nm in amplitude and ~ 50 nm
in wavelength,?”! corresponding to a tilting angle within 2°. Because the graphene pores investigated
in this chapter contain a large number of missing hexagons, the thermal fluctuations are considered as
a minor perturbation, which should not affect the validity of the results. Even for small sub-nanometer
graphene pores where thermal fluctuation effects should be more pronounced, freezing the motion of
the carbon atoms in the graphene layer does not lead to a significant change in gas permeance (Section
2.5). Several gas molecules (200, 400, 600, or 1000) were evenly distributed in the two compartments
and then allowed to diffuse through the nanopores. The simulated gases include CO2, CHy, and Ar. The
simulations were carried out in the NVT ensemble using the Nose-Hoover thermostat with a time
constant of 0.2 ps, within the temperature range of 300 K to 600 K.!”> The time step was 2 fs. The
trajectories of all the gas molecules were recorded every 0.4 ps for a total simulation time of 5 ns.
All-atom force fields were used to describe the atomic interactions in the simulation, including
bonded and non-bonded interactions. Bonded interactions include harmonic bonds and harmonic
valence angles. The elementary physical model 2 (EPM2 model) was used for the stretching and the

bending constants of CO,,'*

and the all-atom-optimized potentials for liquid simulations (OPLS-AA
model) was used for CHa.'® Non-bonded interactions include Lennard-Jones potentials and point-

charge-based electrostatic potentials. The transferable potential for phase equilibria (TraPPE) force
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field'>* is adopted for the non-bonded interaction parameters of CO», and the OPLS-AA force field'®®
for Ar. These force fields can reproduce the liquid-vapor equilibrium of the gas species, which is
required in order to simulate the condensed adsorption phase on the graphene surface. The carbon atoms
in the graphene lattice were modeled as uncharged atoms using the Lennard-Jones parameters reported
by Cheng and Steele.!”! The carbon and the hydrogen atoms at the pore edge were modelled as charged,
and their Lennard-Jones parameters and Coulombic partial charges were assigned values corresponding
to the aromatic carbon (sp? carbon) in the AMBER force field.!” The cutoff distance for the Lennard-
Jones interactions was 1.2 nm. Long-range electrostatic interactions were treated using the Particle-
Particle-Particle Mesh (PPPM) method.?!! Periodic boundary conditions were utilized in all directions.
Geometric combining rules were implemented to describe the non-bonded interactions between

different atoms.

3.10 Appendices

3.10.1 Adsorption Isotherms of Gases on Graphene

Figure 3-9 shows the adsorption isotherms of CO,, CH4, and Ar on the graphene basal plane at 300 K.
No saturation behavior is observed in the pressure range studied. Therefore, the surface adsorption
concentration can be treated as a linear function of pressure, and the surface Henry’s coefficient (the
slope) can be treated as a being constant. The surface Henry’s coefficients of CO,, CHs, and Ar at 300

K are 9.8x10!'!, 6.3x10'!, and 5.6x10'! molecule m? Pa’!, respectively.
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Figure 3-9. Adsorption isotherms of CO,, CHs, and Ar on the graphene surface at 300 K.

3.10.2 Velocity Distribution of Adsorbed Gas on Graphene

Figure 3-10 shows the velocity distributions of CO, molecules adsorbed on the graphene surface in the
X, y, and z directions at 300 K. The red curves are fitting results following normal distributions. The x
and y velocities follow the Maxwell-Boltzmann distribution, which is a normal distribution. The mean
is close to 0, and the standard deviation is close to \/W (238 m s! for CO; at 300 K), where ks is
the Boltzmann constant, 7 is the absolute temperature, and m is the molecular mass. However, the
velocity distribution in the z direction is distorted from a normal distribution due to the van der Waals
gas-graphene interaction operating in the z direction.

The correlation coefficient of the x and y velocities is then evaluated with corresponding random

variables v, and v,, respectively. The correlation coefficient px, between v, and v, is given by:

cov(vy,vy)  E(vevy) — E(vy)E(vy)
Pxy = =

(3-33)
0,0y, 050y

where E denotes the expectation value, and o; denotes the standard deviation of v;, where o; =

J E (vlz) — E(v;)? . The correlation coefficient between v, and v, is 0.003, indicating that the x and y

velocities are independent variables.
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Figure 3-10. Velocity distributions of CO, molecules adsorbed on the graphene surface in the x, y, and
z directions at 300 K.
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3.10.3 Selection of the Gas Adsorption Layer Thickness on Graphene

Figure 3-11 shows the density distribution of CO,, CH4, and Ar near the graphene plane. The density
in the adsorption layer peaks at ~0.35 nm, and approaches bulk density at around 0.6 nm. Therefore,

0.7 nm is chosen as the thickness of the adsorption layer for all the three gases.
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Figure 3-11. Number densities of CO,, CHa, and Ar as a function of the vertical distance to the graphene
plane.

Figure 3-12 shows that, at 300 K, the direct impingement and the surface diffusion pathways
contributions to the total CO, permeation per pore are slightly affected by the thickness % of the
adsorption layer. This indicates that my analysis of the direct impingement and the surface diffusion
pathways is relatively insensitive to the choice of the adsorption layer thickness 4. In Chapter 3, 7= 0.7

nm (Figure 3-11).
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Figure 3-12. Contributions of the direct impingement and the surface diffusion pathways to the CO»
permeance per pore for different adsorption layer thickness choices at 300 K.

3.10.4 Confidence Interval Calculation

In this chapter, it is assumed that each permeation event occurs independently and randomly because
the time interval between each permeation event through one pore is at most 3.5 ps. As a reference, the
characteristic time scale for a gas molecule to collide with another is ~ 30 ps, given that the mean free
path at 10 bar is ~10 nm, and that the average velocity is ~300 m s™!. Therefore, each permeation event
is treated as being unaffected by other gas molecules.

The total occurrence number k of a random event with a given rate in a period of time follows the
Poisson distribution with a single rate parameter 1. The probability distribution function f can be
expressed as follows:

Aee=2

= (3-34)

flk) =

The expectation value E(k) = A. In turn, the maximum likelihood estimation of 4 is £.
In my MD simulations, I count the total occurrence number & of a particular event (e.g., gas
permeation through graphene nanopores). The confidence interval for 4 with confidence level 1 — o can

be estimated as:
1 1
E)(z(a/Z;Zk) < Szxz(l—a/z; 2k + 2) (3-35)

where y2(p; n) is the quantile function of the y? distribution with n degrees of freedom.?'? I then derive

the rate according to the confidence interval of the rate parameter A.

3.10.5 Details of the Gas Permeation Analysis

Figure 3-13 shows the contributions of the direct impingement and the surface diffusion pathways to
the total gas permeance per pore for (a) CH4 and (b) Ar. Similar to the CO; case, the direct impingement
pathway portion scales non-linearly with the pore diameter, while the surface diffusion pathway portion
scales nearly linearly with the pore diameter (auxiliary lines to the origin are drawn to show the

linearity). This is consistent with my theoretical prediction in Equations (3-21) and (3-22).
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Figure 3-13. Contributions of the direct impingement and the surface diffusion pathways to the total (a)
CHs and (b) Ar permeances per pore at 300 K.

Figure 3-14 provides supplementary information of the CH4 and Ar gases for Figure 3-5 in the
main text. Figure 3-14a, b are similar to Figure 3-5b. The theory (Equation (3-21)) slightly underpredicts
the rate of direct impingement attempts (green vs. orange dashed curves), and only a fraction of the
direct impingement attempts results in successful permeation (blue dashed curve). Figure 3-14c, d show
the positive correlation between the success ratio J of the direct impingement pathway and the pore
diameter for CH4 and Ar, respectively. The correlation is not affected by the temperature. In Figure
3-14e, £, the difference between the simulated and the predicted direct pathway impingement attempts
is plotted as a function of temperature for CHs and Ar, respectively. Note that the difference is a
decreasing function of temperature and an increasing function of the pore diameter, instead of being
random, similar to the CO, case (Figure 3-5d). In the Ar case (Figure 3-14f), due to its low adsorption
on graphene (compared to CO,, Figure 3-11) and its high molecular weight (compared to CH4), Ar has
a low surface diffusion rate. As discussed in the main text, the difference observed in Figure 3-14f is
related to the surface diffusion pathway. As a result, the weak surface diffusion of Ar leads to a high
error in Figure 3-14f.

Figure 3-15 provides supplementary information for Figure 3-6 in the main text. Figure 3-15a, b
are similar to Figure 3-6a, and show that the gas permeance contributed by the surface diffusion pathway
decays rapidly with increasing temperature. Figure 3-15c, d are similar to Figure 3-6¢, and show that
the rates of both steps along the surface diffusion pathway are significantly lower than the theoretical

prediction shown in Equation (3-22). Figure 3-15e, f show that the injection coefficients yi;, for both
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D, = 1.3 and 3.9 nm, are increasing functions of temperature, indicating that the injection step is
associated with climbing an energy barrier. Figure 3-15g, h show that the transfer ratios yuans, for both

CH4 and Ar, are independent of temperature and positively correlated to the pore diameter, similar to

Figure 3-6f.
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Figure 3-14. Comparison of the permeances per pore contributed by the direct impingement pathway
obtained using MD simulations and the theory for (a) CH4 and (b) Ar at 300 K. Comparison of the
success ratios of the direct impingement pathway obtained using MD simulations and the steric
selectivity theory reported in Chapter 5 (Appendix 5.6.1) for (¢) CH4 and (d) Ar as functions of pore
diameter at various temperatures. Deviations of the theoretical predictions (Equation (3-21)) from the
MD simulation-observed permeation attempts for (¢) CH4 and (f) Ar as functions of temperature for
various pore diameters.
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3.10.6 Fitting Process for the Minor Spillover Pathway

Figure 3-16 shows the fitting process of the power law estimation K jor = aKftheoryKi theory> Where
the gas permeance per pore associated with the minor spillover pathway K, inor depends on both the
direct impingement pathway (K7 theory) and the surface diffusion pathway (K theory)- In Figure 3-16,
Kninor (z axis), Ki theory (x axis), and K theory (v axis) data points of all the {gas, pore, temperature}

combinations are plotted in logarithmic scale. A power law indicates that the data points align on a

certain plane.
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Figure 3-16. Gas permeances per pore associated with the minor spillover pathway Kminor (z axis), with
the direct impingement pathway predicted by theory K meory (¥ axis), and with the surface diffusion
pathway predicted by theory Kb meory (¥ axis) plotted in logarithmic scale. Each data point corresponds
to one type of gas molecule, one temperature, and one pore diameter.
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3.10.7 Overall Permeance Prediction of Other Gases and Temperatures

Figure 3-17 provides supplementary information for Figure 3-8 in the main text. Figure 3-17a, b show
the deconvolution of the permeance per pore of CH4 and Ar at 300 K into its translocation, direct
impingement, and surface diffusion components. As shown in Figure 3-17a, b, the transition pore
diameter from the translocation-dominated regime to the surface diffusion-dominated regime is 0.76
and 0.78 nm for CHs and Ar, respectively. This transition pore diameter is greater for larger gas
molecules (CH4, Ar), because the translocation energy barrier is present up to this transition point. In
addition, this transition pore diameter increases as the temperature increases, because higher
temperatures mitigate the effect of the energy barrier according to the Arrhenius equation. As shown in
Figure 3-17c, the transition pore diameter from the translocation-dominated regime to the surface
diffusion pathway-dominated regime for CO, at 400 K is 0.78 nm as compared to 0.72 nm at 300 K
(Figure 3-8a). Figure 3-17d shows that a reasonable separation factor (> 5) can only be attained with a

pore diameter less than 0.56 nm, which is more stringent compared to 0.60 nm at 300 K (Figure 3-8b).
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impingement (red), and the surface diffusion (blue) pathways, and the overall permeance per pore (black)
as a function of pore diameter for (a) CH4 at 300 K, (b) Ar at 300 K, and (¢) CO; at 400 K. The two
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perpendicular grey dashed lines separate three transport regimes, from left to right: translocation
dominated, surface diffusion pathway dominated, and direct impingement pathway dominated, from
left to right. (d) Permeance per pore of CO, and CHa, and corresponding separation factor as a function
of pore diameter at 400 K. The horizontal and perpendicular grey dashed lines denote the pore diameter
value at which the permeances per pore for CO, and CHy are equal.
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4 Predicting Gas Separation through Graphene

Nanopore Ensembles with Realistic Pore Size Distributions

4.1 Introduction

Nanoporous single-layer graphene shows high promise as a next-generation gas separation membrane,
primarily due to its atomic thickness.?*?%27 Compared to the pore matrices inside conventional polymer
membranes, nanopores in single-layer graphene have negligible pore lengths. As a result, gas transport
through graphene nanopores experiences minimal internal resistance, and is instead dominated by the
transport resistances at the pore entrance and the pore exit (Chapters 2 and 3). The minimal internal
transport resistance across the pore makes nanoporous single-layer graphene potentially highly
permeable to gases.”> With an appropriate pore size distribution and a high areal pore density, a
nanoporous single-layer graphene membrane can surpass the permeance-selectivity Robeson upper
bound (Figure 2-7) for conventional polymer membranes,'?? thereby highlighting its potential for gas
separation applications.'*

The dominance of the entrance/exit transport resistances leads to a fundamentally different
theoretical description of gas permeation through a graphene nanopore compared to that through a thick
polymer membrane. The solution-diffusion model describes the permeation of gas molecules through
polymer membranes, where the interior diffusive resistance is dominant.>* In contrast, for graphene
nanopores, Chapter 3 shows that the total gas transport resistance can be decomposed into three
components: the translocation resistance related to the cross-pore energy barrier, the direct impingement
resistance, and the surface diffusion resistance. Specifically, I demonstrate that the diameter of a
graphene nanopore needs to be lower than 0.6 nm in order to achieve a moderate CO,/CHys selectivity
greater than 5 (Figure 3-8). Below this diameter threshold, gas permeation through graphene nanopores
is governed by the translocation energy barrier, which can be predicted by the transition state theory,
given an all-atom force field (Chapter 2). Using this theoretical framework, I show that the gas
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separation performances of two individual graphene nanopores fabricated by Koenig et al.'” are close
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to, albeit lower than, the permeance-selectivity upper bound predicted for graphene nanopores (Figure
2-7).

Interestingly, as the relevant datasets transition from investigating individual nanopores to
investigating a large number of nanopores in a membrane, and from measurements at room temperature
to measurements at a series of temperatures, my theoretical predictions face challenges in matching
every experimental observation. The first challenge is that there is not always a representative nanopore
structure that yields a similar selectivity of a gas pair as that observed experimentally. For example,
Huang et al. and Zhao et al. measured H,/CHjy selectivities ranging from 5 to 25 using single-layer
graphene membranes containing millions to billions of nanopores.!**!?2 However, my theory cannot
assign every selectivity value to an individual nanopore structure, because nanopores are formed in
specific shapes and sizes and their selectivities vary discretely, rather than in a continuous manner.>
Another challenge is that my theory cannot reproduce the apparent energy barriers that are directly
derived by fitting experimentally measured gas permeances at different temperatures to the Arrhenius
equation. To be more precise, multiple studies conducted by myself (Chapter 5) and others'?%!>> have
shown that almost all the experimental gas permeances increase as a function of temperature, which is
indicative of positive apparent energy barriers based on the Arrhenius equation. Specifically, apparent
energy barriers between 10 and 30 kJ mol! have been measured for He, H,, CO,, and CHa, respectively,
and their values appear invariant regardless of how the nanopores were created.'?%!?>!28 Unfortunately,
my previous theoretical calculation results cannot identify a nanopore that matches all the apparent
energy barriers simultaneously, assuming that the nanopore structure does not change as a function of
temperature.

The two challenges discussed above clearly indicate that it is not sufficient to approximate a large
pore ensemble as a single pore. When created randomly in a graphene lattice by an etching method (the
most common scalable way to create nanopores), the nanopores are distributed in terms of their sizes
and shapes, instead of being identical.>>!!>-131137 Here, the nanopore size refers to the number of carbon
atoms removed from the pristine graphene lattice. Due to the randomness of the etching events, when
the pore diameter is within 1 nm, the pore size distribution is usually positively skewed (i.e., the right
tail is longer), and is typically fitted to a lognormal or Poisson distribution.!*!"!*? In addition, Rajan et
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al. has previously shown that multiple nanopore isomers with different pore shapes may exist for the
same pore size, and that their relative populations can be predicted by a Kinetic Monte Carlo (KMC)
algorithm.*> The predicted most-probable isomers match transmission electron microscopy (TEM)
images of graphene nanopores with high consistency for each pore size, demonstrating the ability of
the KMC algorithm to model the real pore etching kinetics encountered in the experiments.>®

The pore size and pore shape distributions result in variations in the gas permeance through the
nanopores in a nanopore ensemble. Accordingly, in this chapter, in order to predict the overall gas
permeance through a nanopore ensemble, I propose to (i) simulate the pore size and shape distributions
of nanopores generated by graphene etching, (ii) predict the gas permeance through each nanopore, (iii)
add up the permeances, and (iv) compare the predicted total gas permeances and selectivities to those
measured experimentally. In more detail, I generate a large number of graphene nanopore structures in
silico using the KMC etching algorithm developed recently by Rajan ef al.*® The principal knob that is
varied during nanopore generation in the simulations is the etching time ¢. The generated nanopores are
then checked for uniqueness using a previously developed cataloging algorithm based on chemical
graph theory.>> Subsequently, the permeances of H,, CO,, and CH4 through each unique nanopore at
temperatures ranging from 30 to 150 °C are calculated according to Chapters 2 and 3. These three gases
are chosen because their separations are crucial in commodity-scale chemical processes, such as
synthetic gas and natural gas processing.”!*° I then evaluate the effect of the etching time ¢ and the
temperature on the gas permeances and the selectivities of the generated nanopore ensembles. Finally,
I attempt to fit the theoretical predictions to available experimental datasets, and propose that the
graphene nanopores should be allowed to effectively expand at a higher temperature in order to better
fit the experimental data. A partial pore clogging hypothesis is also proposed to explain the expansion

of the nanopores with temperature.

4.2 Generating Pore Ensembles

Consider a nanopore ensemble consisting of N nanopores (i = 1, 2, ..., N), with their respective gas

permeances per pore I1; (i.e., the pressure-normalized gas flow rate, unit: mol s Pa'). The total gas
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permeance I1 = ¥V, TI;. Using the following set of equations (Equations (4-1)—(4-4)) developed in

Chapters 2 and 3, the gas permeance per pore II; through each nanopore i can be predicted as follows:

Hpore(T) |kgT AS? AE}
l_[ = pore i _ i (4_1)

trans,i Ll an eXp kB eXp kBT

s Dg,i
1_[direct,i =6; kaBTT (4-2)
T[kBT
l_[surface,i =Y%i WDp,iHsurf (4-3)
_ -1771

l_[i = [Htr%ms,i + (Hdirect,i + 1_Isurface,i) ] (4'4)

Equation (4-1) predicts the gas transport rate Ily.ms; (normalized by the pressure difference) of

translocation from the pore mouth on one side to that on the other side (Chapter 2). In Equation (4-1),
the energy barrier AEi1E and the entropy barrier —ASi1E through nanopore i are calculated by fitting the

Helmholtz free energy barriers AAiiE = AE l* - TASi1E to temperature 7, and then finding the intercepts and
the slopes, respectively. The graphene—gas interactions are modelled at an all-atomistic level using
Lennard-Jones potentials. For simplicity, in the calculations, the nanopores are assumed to be non-
terminated. Additional details about the calculation of the Helmholtz free energy profile are provided
in the Section 4.6.2. Furthermore, in Equation (4-1), Hpore represents the average number of gas
molecules adsorbed to the pore mouth per unit bulk pressure under adsorption equilibrium, and L; is the
full width at half maximum of the partition function of the gas—pore system, Qi(z), as a function of the
gas molecule’s vertical distance to the graphene basal plane, z. Note that Qi(z) = exp[-4i(z)/ksT], where
Ai(z) is the Helmbholtz free energy profile associated with pore crossing for nanopore i (see Section 4.6.2
for additional details). Other parameters in Equation (4-1) include kg, the Boltzmann constant, and m,
the molecular weight of the gas molecule. It is worth noting that the entropy barrier —ASL-* is, in fact, a
key contributor to the gas separation and should not be ignored (see Appendix 4.7.1 for more details).
Equation (4-2) predicts the direct impingement rate of gas molecules approaching the nanopore
from the bulk, where Dy, is the equivalent pore diameter and J; is a correction factor accounting for the

success rate of the direct impingement attempts (Section 3.4, see also Section 4.6.2 for additional details
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about D,; and ¢;). Equation (4-3) predicts the surface diffusion rate of gas molecules approaching the
nanopore along the graphene surface, where Hur is the areal density of gas molecules adsorbed on the
“bulk” graphene surface (far away from the nanopore) per unit bulk pressure, and y; is a correction
factor accounting for the success rate of the surface diffusion pathway (Section 3.5, see also Section
4.6.2 for additional details about y;). The values of Hpore and Hsut can be calculated based on the
Helmholtz free energy profile of gas molecules (Section 4.6.2). The gas permeance per pore I1; is then
derived according to Equation (4-4). In this chapter, [lians; is typically much smaller than Ilgirect; +
[surface,» because the nanopores are sufficiently small and the energy and entropy barriers make the
translocation step rate-determining (I1; = Ilyans;). Utilizing Equations (4-1)—(4-4), the permeance per
pore I1; through each nanopore in an ensemble is predicted for H,, CO,, and CHa.

One important metric to characterize the temperature dependence of the total permeance of a

nanopore ensemble II is the average energy barrier AE*. Note that AE# is equal to the average of the
energy barriers of all the nanopores weighted by their respective gas permeances (see Appendix 4.7.2

for the derivation):

N ;(T)AE}

AEX(T) = =50
1=1""1

(4-5)

Note that because the gas permeance through an individual nanopore II; is temperature dependent, the
average energy barrier AE¥ is strictly temperature dependent as well. However, when the pore sizes

have a realistic distribution, AE¥ is dominated by low-energy-barrier nanopores because they weight
significantly more in the sums in Equation (4-5).

The formalism above for predicting the gas permeance applies for any pore size distributions. Next,
I will discuss how a realistic nanopore ensemble is generated. Pore etching simulations in silico were
carried out using a Kinetic Monte Carlo (KMC) algorithm (Figure 4-1a; additional details are provided
in Section 4.6.1). Starting from a single point defect in pristine graphene, carbon atoms were removed
sequentially, at rates which were estimated according to the energy barriers provided in ref. 35. In this
manner, graphene nanopore structures that match well with TEM images are generated. Typically,
because there are multiple choices regarding which carbon atom to etch away at each step, the Gillespie

algorithm is utilized to randomly select one of them.?'* Each possible carbon etching event ;j has a rate
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r;, and the probability that eventj is chosen is 7/, Where 71 is the sum of all the 7; values. The expected
value of the time interval E(A¢) of this etching step is 1/, and the time interval At is randomly sampled
from an exponential distribution with a probability density function given by:
P(At) = ryope TtothAt (4-6)

As shown in Figure 4-1a, the current (c) time #. was updated after each etching event (#. — t. + Af). The
iteration terminated when the current time ¢, exceeded the predetermined etching time ¢. For each
etching time ¢, the KMC algorithm was run repeatedly to generate 500000 nanopores separated in 50
batches of size N = 10000 each.

Figure 4-1b shows the simulated pore size distributions for etching times ranging from 20 to 60,
with a batch size of 10,000. The error range represents the estimated standard deviation of the
probabilities from the 50 batches. As the etching time increases, the pore size distribution shifts to the
right, indicating an increase in the average pore size. Note that the etching time used here is
dimensionless, because the etching rate r; is nondimensionalized by the typical atomic vibrational
frequency of 10" Hz. In other words, when the prefactor of the carbon etching reaction is 10 s, the
etching time ¢ has a unit of second (Section 4.6.1). In order to achieve a considerable selectivity, the
etching time cannot be too high. Otherwise, the largest non-selective nanopore will dominate the overall
gas flux and make the entire nanopore ensemble non-selective. As a reference, pore size = 30
corresponds to a pore diameter of ~ 1 nm for a circular nanopore. This criterion restricts relevant etching
times to be below ~ 100. In this etching time range, the probability distribution decays exponentially as
the pore size increases (Figure 4-1b), and the majority of the nanopores are smaller than size 5. Further,
the probability of generating larger nanopores is prone to high uncertainty, where the error range

increases significantly as the pore size increases.
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Figure 4-1. (a) Flowchart of the Kinetic Monte Carlo algorithm used to generate graphene nanopore
structures with a predefined etching time. (b) Simulated size distributions of nanopores generated at
various etching times. Some confidence intervals extend to negative values and are not fully shown on
the log-y axis. (c) Scatter plot of theoretically predicted energy barrier values of Hz, CO,, and CHg as a
function of pore size. Each pore size corresponds to multiple isomers, and hence, to multiple possible
energy barriers. Scatter points are slightly shifted horizontally to prevent overlap. The horizontal black
dashed line corresponds to a zero energy barrier.

Although the larger nanopores are a minor species in the nanopore ensemble, they do not
necessarily contribute a minority of the total gas permeance, because they present low energy barriers
for gas permeation. Figure 4-1¢ shows that the simulated energy barriers of gases crossing the nanopores,
AE?, decay rapidly by orders of magnitude as the pore size increases. Each pore size corresponds to
multiple energy barrier values because of the existence of nanopore isomers (same size but different
shapes). Some isomers with very high energy barriers have elongated shapes, and are rarely generated
in my KMC algorithm. Note that on the y axis of Figure 4-1c one is added to the energy barrier values
(in kJ mol™") in order to prevent zero-energy-barrier nanopores from disappearing on the log scale used.

Those zero-energy-barrier nanopores emerge as the pore size reaches ~ 10, corresponding to a pore

diameter of ~ 0.6 nm if the pore is approximately circular.
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The low fraction of large nanopores in a nanopore ensemble results in a low fraction of low-energy-
barrier nanopores. Figure 4-2a plots the histograms of the theoretically predicted energy barriers of Ho,
CO,, and CHj4 crossing 10,000 nanopores generated by an etching time of 30. The fractions of nanopores
with relatively low energy barriers, e.g., AE* < 10 kJ mol™! (~ 4ks T at room temperature) are 1.2%, 0.6%,
and 0.015% for Hz, COz, and CHa, respectively (Figure 4-2a). Modest change to this threshold does not
affect the validity of the following findings. This ordering is consistent with the ranking of their kinetic
diameters (H2: 0.29 nm, CO»: 0.33 nm, CH4: 0.38nm), because a smaller gas molecule is less impeded
from crossing the nanopores. Due to the stochasticity during nanopore generation, the fraction of the
low-energy-barrier nanopores has a high relative error, especially when the etching time is short (Figure
4-2b, c, d). Figure 4-2b, c, d also show that the fraction of low-energy-barrier nanopores generally
increases as the etching time increases, in accordance with the pore size distribution shown in Figure
4-1b.

For each nanopore ensemble generated with each etching time ¢, I predict the individual gas
permeances 11; through every nanopore and the total permeance I1 using Equations (4-1)—(4-4). In order
to evaluate the unevenness of the gas permeance distribution in a nanopore ensemble, I plot the Lorenz
curves of the permeance distributions of H,, CO,, and CH4 through different nanopore ensembles at
two temperatures, 30 °C and 150 °C (Figure 4-3). The Lorenz curve was developed by Max O. Lorenz
to represent income inequality.?!* It plots the percentiles of population on the x-axis according to income,
and the cumulative income on the y-axis. Here, I borrow this concept and plot the percentiles of
nanopores ordered from low to high gas permeance on the x-axis, and the proportion of their cumulative
gas permeance on the y-axis. Figure 4-3a shows the Lorenz curves of the theoretically predicted Ho,
CO,, and CH4 permeance distributions through the nanopore ensemble generated with etching time ¢ =
20 at 30 °C and 150 °C. As indicated by the light blue (30 °C) and dark blue (150 °C) curves in Figure
4-3a, 0.3% of the nanopores contribute almost 100% of the total H, permeance. This percentage of
permeable nanopores is 0.2% for CO; (orange and red curves), and is 0.01% for CH4 (green and dark
green curves) when the etching time is 20 (Figure 4-3a). As the etching time increases, the fraction of
permeable nanopores increases, but remains lower than 15% even for an etching time of 80 (Figure

4-3b, ¢). This trend is also illustrated in Figure 4-3d, e, f, where the Lorenz curves shift to the upper-
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left as the etching time increases. Generally, the permeance distribution of H; is the most even among

those of the three gases considered due to its smallest kinetic diameter, while that of CH4 is the most

uneven due to its largest kinetic diameter.
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Figure 4-2. (a) Distribution of theoretically predicted energy barriers of pore crossing for Hz, CO,, and
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Figure 4-3. Lorenz curves of theoretically predicted H,, CO,, and CH4 permeance distributions at 30
and 150 °C for nanopore ensembles generated with etching times of (a) 20, (b) 50, and (c) 80,
respectively. Lorenz curves of theoretically predicted (d) Ha, (¢) CO,, and (f) CHs4 permeance
distributions at 30 °C for nanopore ensembles generated with various etching times from 20 to 60.

4.3 Predicted Gas Permeance and Selectivity through Pore Ensemble

As demonstrated in Figure 4-1b and Figure 4-2, a longer etching time ¢ leads to a higher fraction of
large and low-energy-barrier nanopores. Therefore, the theoretically predicted gas permeance of a
nanopore ensemble is positively correlated with the etching time (Figure 4-4a, b). At both 30 and 150 °C,
H, exhibits the highest permeance per pore (averaged over the entire ensemble) for 20 < ¢ < 80, while
the permeances per pore of CO, and CH4 rank intermediate and lowest, respectively. The gas permeance
exhibits much greater variance for a short etching time ¢, for which the probability of generating low-
energy-barrier nanopores is low and has a large variance. On the other hand, as shown in Figure 4-4c,
d, the theoretically predicted selectivities of the three gas separation pairs (CO,/CH4, H/CO,, and
H,/CHy) decrease as the etching time ¢ increases. The selectivity decrease for 20 < ¢ < 30 is significant,
decreasing from 103 to ~10. Subsequently, the selectivity gradually decays to 1 as ¢ increases further.
Similar to the gas permeance, the selectivity also exhibits a high relative error for short etching times,

partially reducing the precision of the theoretical estimation.
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Figure 4-4. Theoretically predicted permeances per pore of H», CO,, and CHj as functions of the etching
time at (a) 30 °C and (b) 150 °C. Theoretically predicted selectivities of CO»/CHa4, H»/CO,, and Ho/CHy
as functions of the etching time at (c¢) 30 °C and (d) 150 °C. In (c) and (d), some datapoints are
horizontally shifted to avoid overlap of their error bars. The normalized standard deviations (relative
errors) of (e) the permeance per pore, and (f) the selectivity, both decrease as the batch size N increases.

The high errors observed in the gas permeance and selectivity bring into question the
reproducibility of the results, obtained both theoretically and experimentally. Fortunately, according to
the central limit theorem, the standard deviation of the sample average of N independent and identically
distributed random variables should scale as N'"2. This -1/2 scaling is confirmed in Figure 4-4e, f, for
the gas permeance per pore and for the selectivity, respectively. When the batch size N is as small as
100, the standard deviation of the sample average can be 10 times greater than the sample average
(normalized standard deviation > 10). Because both gas permeances and selectivities are non-negative
quantities, the normal distribution does not seem to be the optimal choice for representing the
uncertainty. However, according to the central limit theorem, as /N increases, the sample average will
approach a normal distribution. Therefore, the normal distribution is chosen for consistency. If the N''/?
decay of the standard deviation persists as N increases further, it is anticipated that the normalized
standard deviation (or the relative error) should decrease to 5% when N reaches ~ 4 million. Generating
millions of nanopores in silico requires long real-world time for calculations, and N = 10000 is nearly

the largest batch size that I can consider computationally. However, experimentally, if the graphene

etching method is macroscopically scalable (e.g., oxygen plasma), then, generating millions of
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nanopores in one graphene membrane is indeed possible. For example, Zhao et al. exposed graphene to
oxygen plasma to increase the areal nanopore density to 5.7x10'! cm™.!22 At this areal density, 4 million
nanopores require a membrane area of ~ 700 um?, which has already been realized by reinforcing
graphene with a highly porous supporting film.!?* Nevertheless, the inherent stochasticity associated
with the pore size and shape distributions does exist, and can partially account for the high variance of
the experimentally measured gas permeances and selectivities carried out so far.!20:122

Compared to the etching time, the effect of temperature on gas permeances and selectivities is
more complex. Assuming that the translocation step is rate-determining (Ili = Ilgans;, for small
nanopores), according to Equation (4-1), the gas permeance is affected by temperature due to three
terms: the adsorption term Hpore(T), the Arrhenius term exp(-AE*/ksT), and the kinetic term \/W.
Hpore(T) s negatively correlated with temperature because it involves the heat of gas adsorption onto
the graphene nanopore AFE.q < 0 based on the following expression, Hyore(T) = Apore €Xp(-AEaas/ksT),
where Apore 18 the prefactor. If the kinetic term is neglected because its 7" dependence is weaker than
the exponential dependence in the other two terms, the gas permeance is positively correlated with
temperature when AE* > -AE,q, and is negatively correlated with temperature when AE* < -AEg4,. On
the one hand, the heat of adsorption AE,qs is estimated to be -3.4, -11.1, and -8.0 kJ mol™! for H,, CO,,

and CHy, respectively, based on calculations using all-atomistic force fields (Section 4.6.2). On the

other hand, when the etching time ¢ = 30, the average energy barriers AE# for H», CO,, and CH4 are 2.8,
0.4, and 0.3 kJ mol™ at 30 °C, respectively. This set of data is counterintuitive, because H exhibits the
highest average energy barrier although it is the smallest of the three gases considered. This is because
the CO; and CH4 permeances are dominated by nanopores with energy barriers close to zero, and all
the other nanopores do not contribute to the sum in Equation (4-5) because their energy barriers are too
high.

The analysis above helps explain Figure 4-5, where the correlations of the gas permeances and the
selectivities with temperature are presented. For CO; and CHs, AE* = 0 < -AE,qs, and their permeances
decrease as the temperature increases (Figure 4-5a). Because CO; is more adsorptive than CHa, the

permeance decrease of CO; is greater in magnitude. For Hy, AE* = -AE,4, and its permeance only
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slightly increases as a function of temperature (recall the 7' term in Equation (4-1)). Consequently, the
H,/CO, and H»/CHy4 selectivities increase as the temperature increases while the CO,/CHjy selectivity

decreases (Figure 4-5b).
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Figure 4-5. (a) Theoretically predicted temperature dependence of H,, CO,, and CH4 permeances per
pore. (b) Theoretically predicted temperature dependence of CO,/CHi, H»/CO,, and H»/CHs
selectivities. The etching time is 30 and the batch number is 10000. The nanopore structures are
assumed to be invariant as the temperature changes.

Next, the data reported in Figure 4-4 are combined to predict the permeance-selectivity Robeson
plot in Figure 4-6. In the Robeson plot, the selectivity of gas A vs. gas B is plotted on the y-axis
(assuming that gas A is more permeable), and the permeance per pore of gas A through a single
nanopore or a nanopore ensemble is plotted on the x-axis. The orange and red curves in Figure 4-6a
represent the permeance-selectivity trade-off for H»/CHy4 separation at 30 and 150 °C, respectively,
where each datapoint corresponds to a nanopore ensemble generated with an etching time ranging from
20 to 80, in the direction from left to right on the x axis. Therefore, a short etching time corresponds to

small pore sizes, a low gas permeance, and a high selectivity (top-left datapoints), while a long etching

time corresponds to the opposite (bottom-right datapoints).
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Figure 4-6. Theoretically predicted permeance-selectivity Robeson plot of (a) H»/CH4 separation and

(b) CO,/CH4 separation at 30 and 150 °C. The orange and red curves represent the performance of
nanopore ensembles, and the blue and green dots represent the performance of the individual nanopores.

In order to evaluate the importance of considering the pore size and shape distributions, I also plot

the gas separation performances of the individual nanopores in the ensembles on the same Robeson plot
(blue and green markers in Figure 4-6a for 30 and 150 °C, respectively). Note that all the datapoints of
the individual nanopores lie above the ensemble-averaged curves (orange and red curves in Figure 4-6a).
This gap between the individual nanopores and the nanopore ensembles highlights the need of taking
the pore size and shape distributions into account. Most nanopores in an ensemble are basically not
permeable (Figure 4-3), which reduces the average gas permeance. In Figure 4-6a, a nanopore ensemble
that yields a H/CHy selectivity of 10° only permits a H, permeance per pore of 10! molecule s Pa!,
which is four orders of magnitude lower compared to that of individual nanopores yielding the same
selectivity. This gap in permeance shrinks as the selectivity target decreases, because the permeance

distribution in a nanopore ensemble becomes more even as the etching time increases (Figure 4-3). The
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gap diminishes as the selectivity target approaches 1, when all the nanopores in an ensemble are too
large to provide any selectivity. Features similar to those observed in Figure 4-6a are also observed in
Figure 4-6b, where the CO,/CHj4 separation is evaluated. In spite of being similar in terms of the gap
between the nanopore ensembles and the individual nanopores, the CO,/CH4 and H»/CH4 separations
are different in terms of their temperature dependence. Increasing temperature shifts the H»/CH,4
selectivity-permeance curve upwards (orange to red, Figure 4-6a), but shifts the CO,/CH4 selectivity-
permeance curve downwards (orange to red, Figure 4-6b). This is a manifestation of the different
temperature dependences of the permeances of the three gases, as reported in Figure 4-5a.

It is important to note that my simulation results on the temperature dependence discussed above
are based on the assumption that the nanopore structure remains unchanged as the temperature changes.
However, temperature influences almost every aspect of an experimental measurement, and the actual
experimental conditions may be more complex than those considered above by my theory. As shown
in Figure 4-5a, the permeances of CO, and CHj are predicted to decrease as the temperature increases,
which contradicts the experimental findings.!?*'?>128 In the next section, I will propose a strategy to

correct my theory in order to match the experimental findings.

4.4 Matching theory with experiments

In this section, I compare my theoretically predicted gas permeances through nanoporous graphene
membranes to experimentally measured ones.''®!?> For convenience, the 95% confidence interval of
the theoretically predicted Hz, CO,, and CH4 permeances per pore and selectivities between the gases
are reported in Table 4-1 (30 °C), Table 4-2 (100 °C), and Table 4-3 (150 °C) as functions of the etching
time. The experimental dataset used in this chapter was obtained by He et al.,''® and is reported in Table
4-4. This dataset was chosen because it has relatively low error and high reproducibility. The dataset
considered includes three types of nanoporous graphene samples, NG-1s, NG-2s, and NG-3s, fabricated
by exposing pristine graphene grown by chemical vapor deposition (CVD) to 1 s, 2 s, and 3 s of oxygen
plasma, respectively. Each membrane was tested to measure its H, CO», and CH4 permeances at 30,
100, and 150 °C. Note that the nanopore edges are expected to be terminated by oxygen atoms or

hydroxyl groups after oxygen plasma etching. However, the density and the positions of the oxygen-
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containing termination groups cannot be easily predicted or modelled. Moreover, the additional

rotational degrees of freedom contributed by the termination groups could significantly expand the

phase space of nanopore—gas interactions, boosting the computational cost. In fact, if the nanopore—gas

interactions remain mainly dispersive and not electrostatic, i.e., if the oxygen-containing termination

groups are sparse, which results in weak gas—nanopore electrostatic interactions, my calculations

without edge termination can still effectively accommodate for the edge termination groups by

considering them as part of the graphene lattice. This is likely the case for oxygen plasma-etched

nanopores.'!® Therefore, for simplicity and efficiency, the nanopores are assumed to be unterminated.

Table 4-1. Predictions of selectivities (S) and permeances per pore (II) of Ha, CO», and CH4 at 30 °C
through graphene nanopore ensembles generated using different etching times.

Etching Predicted selectivity Predicted permeance per pore (molecule s™! Pa!)
time S(H»/CHa) S(CO2/CHg)  S(H2/CO») I1(H>) I1(CO») I1(CHa)

20 1479.0£1067.5  865.4+642.2 1.7+0.6 0.09+0.02 0.05+0.01 (6.0+4.1)E-5
21 132.8+212.1 85.4+137.1 1.6+0.5 0.12+0.03 0.07+0.02 0.0009+0.0014
22 25.5+49.0 14.3+£27.6 1.8+0.6 0.15+0.03 0.09+0.02 0.0060+0.0114
26 22.3+24.6 14.2+15.7 1.6+0.3 0.33£0.05 0.21+0.03 0.015+0.016
27 16.3£15.2 11.1+£10.4 1.5+0.3 0.46+0.06 0.3140.05 0.028+0.026
28 14.9£11.0 10.1£7.5 1.5£0.3 0.56+0.06 0.38+0.05 0.037+0.027
30 13.0+8.1 8.6+5.4 1.5+0.2 0.82+0.08 0.54+0.07 0.063£0.039
31 11.847.1 8.5+5.1 1.4+0.2 0.97+0.09 0.70+0.08 0.082+0.048
32 10.0+13.6 7.3£10.0 1.4+0.5 0.98+0.20 0.71£0.20 0.098+0.132
35 8.3£5.9 6.6+4.7 1.3+0.3 2.12+0.32 1.69+0.29 0.256+0.178
40 6.3£3.1 4.8+2.4 1.3£0.2 4.49+0.50 3.41+0.48 0.708+0.334
45 5.6+0.8 4.4+0.6 1.3£0.1 8.00+0.31 6.22+0.29 1.42+0.19
50 4.6+1.1 3.8+0.9 1.2+0.1 14.20+0.98 11.66+0.97 3.06£0.71
52 4.1+0.4 3.3+0.3 1.240.1 17.59+0.50 14.31+0.51 4.29+0.37
55 3.7£0.3 3.0+0.2 1.240.1 24.07+0.61 19.57+0.63 6.46+0.48
60 3.4+0.5 3.0+£0.4 1.240.1 35.53+1.69 30.88+1.81 10.46+1.39
70 2.5+0.1 2.3+0.1 1.1+£0.0 84.84+1.29 79.03+1.46 34.23+1.17
80 2.0+0.1 1.9+0.1 1.0+0.0 165.19+4.32 160.98+5.08 83.01+4.25

Table 4-2. Predictions of selectivities (S) and permeances per pore (IT) of H,, CO», and CH4 at 100 °C
through graphene nanopore ensembles generated using different etching times.

Etching Predicted selectivity Predicted permeance per pore (molecule s™! Pa!)
time S(H2/CHa) S(CO,/CH,) S(H2/CO») I1(H») I1(COy) I1(CHy)
20 1127.5+¢787.4  291.94211.6 3.9+1.3 0.10+0.02 0.03+0.01 (9,2+6.2)E-5
21 178.1+£243.1 51.4£70.8 3.5¢1.1 0.13+0.02 0.04+0.01 0.0008+0.0010
22 46.0+85.8 11.8422.1 3.9+1.1 0.18+0.03 0.05+0.01 0.0038+0.0071
26 38.2+£39.9 11.0£11.6 3.5+0.7 0.3740.04 0.11+0.02 0.0098+0.0102
27 27.9425.2 9.0+8.2 3.1£0.6 0.51£0.05 0.1620.02 0.018+0.016
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28
30
31
32
35
40
45
50
52
55
60
70
80

25.2+17.9
21.9+13.3
19.6+11.3
16.9+22 .4
13.5+9.4
10.1+4.8
8.8+1.2
7.2+1.7
6.3£0.6
5.7+£0.4
5.2+0.7
3.7+0.1
2.9+0.2

8.0+5.8
6.9+4.2
6.8+4.0
5.8+7.9
5.24+3.7
3.8+1.9
3.5+0.5
3.0+0.7
2.7+£0.2
2.4+0.2
2.4+0.3
1.9+0.1
1.6+0.1

3.1+£0.5
3.2+0.5
2.9+0.4
2.9+0.9
2.6+0.6
2.6£0.5
2.6+0.2
2.4+0.2
2.4+0.1
2.3+0.1
2.2+0.2
2.0+£0.0
1.8+0.1

0.61+0.06
0.89+0.07
1.04+0.08
1.06+0.19
2.21+0.30
4.57+0.46
8.01+0.28
14.03+0.90
17.30+0.46
23.48+0.55
34.44+1.54
80.34+1.16
154.19+£3.86

0.19+0.03
0.28+0.03
0.36+0.04
0.37+0.10
0.86+0.15
1.74+0.25
3.14+0.15
5.96+0.50
7.30+0.26
9.99+0.33
15.79+0.95
40.58+0.77
83.38+2.70

0.024+0.017
0.041+0.025
0.053+0.030
0.063+0.083
0.164+0.111
0.453+0.210
0.909+0.120
1.96+0.45
2.74+0.24
4.13+0.30
6.67+0.88
21.77+0.74
52.74+2.69
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Table 4-3. Predictions of selectivities (S) and permeances per pore (IT) of H,, CO,, and CH4 at 150 °C
through graphene nanopore ensembles generated using different etching times.

Etching Predicted selectivity Predicted permeance per pore (molecule s Pa™!)
time S(H2/CHy) S(CO2/CH4) S(H2/COy) I(H») I1(CO») I1(CH4)

20 1007.0+688.9  168.5+120.1 6.0+1.9 0.12+0.02 0.02+0.01 (1.1+0.8)E-4
21 205.6+£251.4 38.6+47.7 5.3%+1.6 0.15+0.02 0.03+0.01 (7.3£8.8)E-4
22 63.3£114.8 10.7£19.5 5.9+1.6 0.20+0.03 0.03+0.01 0.003£0.006
26 51.0£51.4 9.6+9.8 5.3%+1.0 0.41+0.04 0.08+0.01 0.008+0.008
27 37.3+£32.8 8.1+£7.1 4.6+0.8 0.55+0.05 0.12+0.02 0.015+0.013
28 33.4423.1 7.1£5.0 4.7+0.8 0.66+0.06 0.14+0.02 0.020+0.014
30 28.9+17.2 6.1£3.7 4.8+0.7 0.96+0.07 0.20+0.02 0.033+0.020
31 25.8+14.5 6.1£3.5 4.24+0.6 1.11+0.08 0.26+0.03 0.043+0.024
32 22.5429.3 5.246.9 4.3+1.4 1.15+0.19 0.27+0.07 0.051+0.066
35 17.5¢11.9 4.6+3.2 3.840.8 2.32+0.29 0.61+0.11 0.13+0.09
40 12.9+6.0 3.4+1.6 3.8+£0.6 4.72+0.45 1.25+0.18 0.36+0.17
45 11.2+1.5 3.0+£0.4 3.7+0.2 8.19+0.28 2.23+0.10 0.73+0.10
50 9.0+2.1 2.7+0.7 3.3+0.3 14.21+£0.87 4.26+0.36 1.58+0.36
52 7.9+0.7 2.4+0.2 3.3+0.1 17.47+0.44 5.22+0.19 2.20+0.19
55 7.1£0.5 2.2+0.2 3.3+0.1 23.59+0.53 7.14+0.24 3.32+0.24
60 6.4+0.9 2.1+0.3 3.1+0.2 34.47+1.48 11.28+0.68 5.36+0.70
70 4.5+0.2 1.7+0.1 2.7+0.1 79.27+1.11 29.03+0.56 17.45+0.59
80 3.6+0.2 1.440.1 2.5+0.1 150.80+3.68 59.85+1.95 42.2442.15

Table 4-4. Experimentally measured H,/CHa, CO»/CH4, and Ho/COs selectivities (S) in ref. 118. Each
membrane-temperature combination was matched to an etching time that best reproduces the
experimental selectivities.

Condition Measured selectivity Best fit Fitted selectivity

Tempe- of

Membr .
rature H,/CH4 CO,/CHy4 H,/CO; etchlng H,/CH4 CO,/CHy4 H,/CO,

ane ©°C) time

NG-1s 30 15.9+£3.8 8.7+0.7 1.8+0.3 28 14.9£11.0 10.1£7.5 1.5+0.3
NG-1s 100 14.1£7.3 5.94+2.3 2.3+0.3 35 13.549.4 5.243.7 2.6£0.6
NG-1s 150 10.1£3.0 3.7+0.7 2.7+0.3 45 11.2+1.5 3.0+£0.4 3.7+0.2
NG-2s 30 9.2£1.9 6.7+2.9 1.5+0.4 35 8.3+5.9 6.6+4.7 1.3+0.3
NG-2s 100 8.2+1.6 3.5+1.1 2.4+0.3 45 8.8+1.2 3.5+0.5 2.6£0.2
NG-2s 150 7.6+1.7 2.6+0.6 3.0+0.1 52 7.9+0.7 2.4+0.2 3.3+0.1
NG-3s 30 5.0+1.1 3.1+0.8 1.6+0.3 50 4.6x1.1 3.8+0.9 1.2+0.1
NG-3s 100 5.6+1.9 2.2+0.5 2.5+0.3 60 5.2+0.7 2.4+0.3 2.2+0.2
NG-3s 150 4.9+0.9 1.7+0.1 2.8+0.3 70 4.5+0.2 1.7+0.1 2.7+0.1

As shown in Table 4-4, for each membrane considered, the experimentally measured H»/CO,
selectivity increases as the temperature increases, while the CO»/CHjy selectivity shows the opposite
trend. These trends are correctly predicted by the theory (Figure 4-5b). However, my theoretical
prediction in Figure 4-5b fails to match the experimentally observed decrease in the Ho/CHy selectivity
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with increasing temperature (Table 4-4). As indicated earlier, Figure 4-5 was derived based on the
assumption that the nanopore size remains unchanged as the temperature increases, an assumption that
could be relaxed in order to reproduce realistic experimental conditions. Specifically, by relaxing this
assumption, different etching times can be assigned to the same graphene membrane at different
temperatures. For example, as listed in the first entry in Table 4-4, the Hy/CH4, CO»/CHa, and H»/CO,
selectivities are 15.9+4.0, 8.7+0.7, and 1.8+0.3, respectively, for membrane NG-1s at 30 °C. As shown
in Table 4-1, it is predicted that an etching time of 28 corresponds to selectivities of 14.9+11.0, 10.1£7.5,
and 1.5+0.3, which yields the closest match to the experimentally measured values (equal weights are
assigned to the three selectivities). Similarly, I find the etching times that best match the experimentally
measured selectivities for each membrane at each temperature (rows 2—9 in Table 4-4). The uncertainty
of the theoretically predicted H./CH4 and CO,/CHj selectivities for short etching times (¢ < 40) makes
the fitting more challenging. However, Table 4-1, Table 4-2, and Table 4-3 show that the selectivity
decrease as a function of temperature is smooth, thereby corroborating the reliability of my theoretical
predictions. The fit does a reasonably good job in matching the experimental selectivities (Table 4-4).
In addition, the fit successfully confirms the intuitive fact that, at the same temperature, a nanoporous
graphene membrane exposed to a longer duration of oxygen plasma is always matched to a longer
etching time # (e.g., 50 > 35 > 28 for NG-3s, NG-2s, and NG-1s at 30 °C).

This fit leads to the following important finding: for the same graphene membrane, the fitted
etching time ¢ is longer at a higher temperature of permeation measurement (not the temperature of
graphene etching) than that at a lower temperature. Note that the fitted etching time is only a one-
degree-of-freedom representation of the underlying pore size distribution, and therefore, the nanopores
are effectively larger at a higher temperature of permeation measurement. This effective pore size
expansion is also observed in other experimental dataset reported in ref. 122, ref. 128, and ref. 130 (see
Appendix 4.7.3 for more details, where the effect of ozone treatment is also investigated). This
phenomenon is inconsistent with the previous assumption in Figure 4-5 and Figure 4-6 that the nanopore
structure does not depend on temperature. One could explain this phenomenon by arguing that the

graphene nanopores expand due to the contraction of the graphene lattice. However, the thermal
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expansion coefficient of graphene at room temperature is only —7x10°¢ K2 suggesting that the
thermally induced expansion of a graphene nanopore is minimal.

In order to resolve this apparent contradiction, I hypothesize that under the experimental conditions
used, the graphene nanopores are partially clogged, likely by some airborne hydrocarbon contaminants.
It is known that the adsorption of airborne hydrocarbons on graphitic surfaces renders them more
hydrophobic.?'%2!7 Heat treatment at 150 °C has been confirmed to be effective in alleviating the
clogging,'?? but is not able to fully remove the contaminants, because a single to few layers of the
contaminant molecules are sufficient to clog the nanopores. The partial clogging hypothesis can also
help rationalize the following three discrepancies between theory and experiment (see Section 6.4 for
additional experimental evidence).

Firstly, the effective thermal expansion of nanopores can be interpreted as a result of the partial
desorption of the contaminants from the nanopore. In other words, the clogging of the nanopores is
alleviated at a higher temperature. A prerequisite for this explanation is that the original, unclogged
graphene nanopores should be larger than those fitted by my theoretical prediction. Ref. 118 presents
the pore diameter distributions of graphene membranes NG-1s and NG-3s obtained by high resolution
transmission electron microscopy (HR-TEM). Membrane NG-1s contains a long tail of nanopores with
diameters over 2 nm, and the tail of the pore diameter distribution of membrane NG-3s extends to over
3 nm. In contrast, the predicted pore diameter distribution does not extend over 1 nm, even for the
longest etching time investigated ¢ = 80 (Appendix 4.7.4). If the large nanopores generated in the
experiments are completely free from clogging, they would exhibit a total CO, permeance 6600 times
higher than that measured.!'® The long pore size tail observed in ref. 118 could also be partially
attributed to nanopore merging during HR-TEM imaging, but my statement remains valid because the
average pore diameter observed by HR-TEM is greater than my theoretically fitted value.

Secondly, the effective thermal expansion of the nanopores explains why the experimentally
measured gas permeances almost always increase as the temperature increases. At a higher temperature,
CO; and CHy adsorb less, reducing their gas permeances (Figure 4-5a). However, the permeance
increase due to the effective thermal expansion of the nanopores via the desorption of contaminants is
much more significant. In this case, the definition of the energy barrier (or the activation energy) derived
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from the experimental data should be carefully revisited. If the effective pore size changes at different
temperatures, it follows that the apparent “energy barrier” derived by fitting the Arrhenius equation to
the gas permeance as a function of temperature actually contains contributions from both the intrinsic
energy barrier for a given pore size AE* and from the desorption of the contaminants. In fact, the latter
is likely to be dominant because the average energy barrier of a temperature-invariant nanopore
ensemble is close to zero, much lower than 10 to 30 kJ mol' measured in the experimental
studies.'?*122128 Without the nanopore clogging by the contaminants, He et al. predicts that 99.9% of
the CO, permeance through NG-1s in ref. 118 was contributed by nanopores larger than 5.8 A in
diameter, whose activation energies for CO; are close to 0, directly contradicting the experimentally
measured CO; apparent energy barrier of 13.8 kJ mol™. This hypothesis also explains why in those
studies, the apparent “energy barriers” are very similar across various nanoporous graphene membranes
fabricated by different methods, because they are strongly affected by the universal thermal behavior
of the contaminants.

Finally, the partial clogging hypothesis helps explain why my theory underpredicts the gas
permeances compared to the experimental measurements reported in ref. 118. As shown in Table 4-4,
I attempt to find the etching time ¢ that best matches the selectivities between theory and experiment,
instead of the gas permeances. In fact, the selectivities and the gas permeances cannot be matched
simultaneously. As shown in Table 4-5, when the etching time ¢ is fitted to match the selectivity data,
my theory underpredicts the gas permeances by 15-202 times. The predicted permeance (in gas
permeation units, i.e., GPU) equals the predicted permeance per pore (in molecule s Pa™') times the
experimentally measured areal defect density in the graphene membranes using Raman spectroscopy,
with an appropriate unit conversion. This significant underprediction cannot be easily explained without
the partial clogging hypothesis. Note that the clogging was not considered in my original theoretical
model. When clogging is accounted for and reduces the open nanopore area, in order to maintain the
same selectivity through the nanopore ensemble, the etching time ¢ needs to be increased to compensate
for the area loss. As shown in Figure 4-1b, the tail in the pore size distribution elongates as ¢ increases.
As a result, taking pore clogging into consideration leads to an increase in the fraction of low-energy-
barrier nanopores in the nanopore ensemble. In other words, the etching time 7 is underestimated by
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fitting my model to the selectivity data because of clogging, which leads to an underestimation of the
number of permeable nanopores and an underestimation of the gas permeances. As reported in the last
column in Table 4-5, the magnitude of the underestimation decreases as the nanopore size increases.
This makes intuitive sense because larger nanopores are less affected by contaminants, which likely
clog the nanopores from the nanopore edges.

Table 4-5. Experimentally measured H», CO», and CH4 permeances reported in ref. 118, and theoretical
predictions of the gas permeances using the best fit of etching time in Table 4-4.

Condition Measured permeance (GPU) Predicted permeance (GPU) Average
Best fit
factor of
Mem- Tempe- of permeance
rature H, CO, CH4 etching H, CO, CH4 .
brane . underesti-
(°C) time :
mation
NG-1s 30 3130 1765 205 28 18.0+1.9 12.2+1.6 1.2+0.8 163
NG-1s 100 1.32E4 5782 1112 35 71.2+9.7 27.7+4.8 5.3£3.6 202
NG-1s 150 2.17E4 7931 2222 45 263.8+9.0 71.843.2 23.5+3.2 96
NG-2s 30 1.73E4  1.20E4 1963 35 189.1+28.5 150.8+25.9 22.8+15.9 86
NG-2s 100 447E4 191E4 5522 45 714.6+25.0 280.1+13.4 81.1£10.7 66
NG-2s 150 6.69E4  2.25E4 8928 52 1559+£39  476.7£16.9 196.3+16.9 46
NG-3s 30 3.23E4 2.00E4 6830 50 1548+107  1271£106 333.6+77.4 19
NG-3s 100 8.06E4 3.40E4 1.59E4 60 3755+168  1722+104  727.3£96.0 21
NG-3s 150 1.29E5 4.73E4 2.76E4 70 8643+121 3165+61 1903+64 15

Other hypotheses that can explain the effective pore size expansion include: (1) the pore size
distributions generated by my KMC algorithm do not match experimental ones, and (2) the effective
pore size expansion is induced by the more mobile termination groups (e.g., carbonyl groups) at a higher
temperature. Regarding (1), the pore size distribution generated by my KMC algorithm can reproduce
the apparent energy barriers observed experimentally (Table 4-12 in Appendix 4.7.5), suggesting that
the difference between the experimental and theoretically derived pore size distributions is minor.
Regarding (2), the graphene nanopores in ref. 128 and ref. 130 were formed during CVD in a reductive
atmosphere, and therefore, were not likely terminated by large, oxygen-containing groups. Nevertheless,
these nanopores still exhibit the effective pore size expansion as the temperature increases (Table 4-10
and Table 4-11 in Appendix 4.7.3), indicating that the termination groups alone cannot account for the

effective pore size expansion.
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4.5 Conclusions

In this chapter, I formulate a theoretical framework that predicts the pore size and shape distributions
of nanopore ensembles generated by etching, as well as the gas permeances of H,, CO,, and CH4 through
these nanopore ensembles. I show that a small fraction of low-energy-barrier nanopores contribute the
majority of the total gas permeances through a nanopore ensemble that sieves gases. I quantitatively
predict the increase of the gas permeances and the decrease of the gas selectivities as the etching time
of graphene increases. Assuming that the nanopore structure is independent of temperature given the
small thermal expansion coefficient of graphene, my theory predicts that the CO, and CH4 permeances
decrease, and the H» permeance increases as the temperature increases. The CO, and CH4 permeance
predictions contradict the experimental results, where all the experimental gas permeances are
increasing functions of temperature. In order to explain this contradiction, my theoretical model is fitted
to the experimentally measured Ho/CH4, CO,/CH4, and H,/CO; selectivities, and it is found that the
nanopores effectively expand at a higher temperature. I hypothesize that under typical experimental
conditions, the graphene nanopores are partially clogged by hydrocarbon contaminants, and that the
contaminants desorb as the temperature increases. An important implication of this hypothesis is that
the apparent “energy barriers” directly derived from the experimentally measured gas permeances can
be significantly affected by the thermal behavior of the contaminants. Therefore, a high apparent
“energy barrier” does not necessarily prove the existence of angstrom-scale graphene nanopores. On
the bright side, another implication of my hypothesis is that it may not be necessary to reduce the
graphene nanopore size to the angstrom scale in order to attain a high selectivity, because clogging by
contaminants effectively reduces the pore size. Experimental research can be conducted to verify the
effect of hydrocarbon contaminants on gas permeances by, for example, deliberately decorating
graphene membranes using strongly adsorptive hydrocarbons (see Chapter 6).

This chapter provides an important theoretical benchmark for future experimental gas permeation
measurements through graphene membranes. The experimentally measured selectivities can be
compared with Table 4-1 to Table 4-3 to find the best-fitted etching time, and the pore size distribution

can be inferred from the etching time according to Figure 4-1b.
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Beginning with next chapter, I will present experimental results of gas separation using single-

layer graphene membranes.

4.6 Methods

4.6.1 Kinetic Monte Carlo Nanopore Generation

The major steps involved in the Kinetic Monte Carlo (KMC) simulation are presented in Figure 4-1a.
Starting from a point defect in a pristine graphene lattice containing 12x12 unit cells, carbon atoms
were etched away sequentially. The 12x12 graphene lattice is large enough to contain the nanopores
considered in this chapter. The rate of a carbon atom being removed is related to its nearby edge
configuration. The energy barrier E, for removing a single carbon atom is 2.30 eV at a zigzag edge,
2.28 eV at an armchair edge, and 1.03 eV for a singly bonded atom.** The corresponding etching rate r
is computed using an Arrhenius-type equation: r = vexp (—E,/kgT), where v is a prefactor related to
the etchant concentration. In this chapter, v is chosen to be 10" s!. The value of v is arbitrary, because
it does not affect the pore size and shape distributions generated using the KMC algorithm. In fact, the
etching time ¢ can be rescaled if v is assumed to be different. The temperature was assumed to be 500 °C
to match the experimental graphene etching condition in ref. 147. The nanopore ensembles predicted
using the KMC algorithm are insensitive to temperature.® This is likely because the energy barriers for
removing a carbon atom at a zigzag edge or at an armchair edge are similar, making the effect of
temperature less important. When multiple choices exist about which carbon atom to etch, the Gillespie
algorithm was implemented to randomly select one of them. The probability of a carbon atom being
etched is proportional to its respective etching rate 7.

Among the 500000 nanopores generated using the KMC algorithm, many of them are identical to
one another. Two nanopores are considered to be the same if the adjacency matrices of their respective
antimolecules, augmented to include bond orientations, are isomorphic.’® The antimolecule of a
nanopore is the collection of the carbon atoms removed during etching. For additional details and for
the KMC simulation and nanopore counting code, interested readers are referred to ref. 35. One

nanopore isomer was evaluated only once to calculate its permeance to avoid calculational redundancy.
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As the pore size increases, the number of isomers significantly increases, leading to a long calculation
time. To make the calculation more tractable, the number of nanopores generated was reduced to

100000 for etching time ¢ > 60.

4.6.2 Permeance Prediction

The gas permeance per pore Il through a nanopore was calculated using Equations (4-1)—(4-4). In
Equation (4-1), Hyore (average number of gas molecules adsorbed to the pore mouth per unit bulk
pressure), L (the characteristic length of the adsorbed state at the pore mouth), -AS* (the entropy barrier),
and AE* (the energy barrier) all depend on the force fields used to simulate graphene and the three gases
considered (Hz, CO, CH4). In my simulations, all-atom force fields were used to describe the atomic
interactions, where all the molecules were assumed to be rigid in order to reduce computational cost.
As shown in Chapter 2, enforcing rigidity on all the molecules leads to a slight underprediction of the
gas permeance. Specifically, the entropy barrier -AS* is overpredicted because the vibrational degrees
of freedom are frozen, reducing the number of microstates at the transition state. Recall that non-bonded
interactions include Lennard-Jones potentials and point-charge-based electrostatic potentials. I adopted
the three-site model for H,?'® the transferable potential for phase equilibria (TraPPE) force field for
CO»,"** and the all-atom-optimized potentials for liquid simulations (OPLS-AA model) for CHs.'%® The
carbon atoms in the graphene lattice were modeled as uncharged atoms using the Lennard-Jones
parameters reported by Cheng and Steele.'”! The edge carbon atoms were not terminated by any
functional groups. In reality, the edge termination depends on the etching method, and the nanopore
could be terminated by hydrogen, oxygen, hydroxyl groups, or left unterminated. If the nanopore edge
is highly polarized (e.g., a large number of oxygen heteroatoms), my theory tends to underpredict the
permeances of gases with a dipole moment (e.g., H,O) or a quadrupole moment (CO,), which is the
case for ozone-treated nanopores.'?? This underprediction is discussed in Appendix 4.7.3. The cutoff
distance for the Lennard-Jones interactions was chosen to be 1.2 nm. Geometric-mean combining rules

were implemented to describe the non-bonded interactions between different atoms.

The selected all-atom force fields are utilized to calculate the interaction energy E (7, ¢, z, é)

between the gas molecule and the single-layer graphene sheet with one nanopore generated by the KMC
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algorithm, where (7, ¢, z) and 6 are the position (cylindrical coordinate) and the orientation of the gas
molecule relative to the graphene surface, respectively. In this chapter, the normal direction to the
graphene basal plane is defined as the z direction. In order to calculate the Helmholtz free energy profile
of pore crossing A(z), I first calculated the canonical partition function profile O(z) as follows (see

Section 2.4):

[ a6 [f,, rdrdg exp [—W

[ dé [f, rdrdg

(4-7)

Q2) =

where () is the nanopore area around the nanopore center with a radius of 0.4 nm. This nanopore area
is sufficiently large to include relevant nanopore—gas interactions because the diameters of the
nanopores considered here rarely exceed 0.8 nm. I then calculated the Helmholtz free energy profile
using the well-known statistical mechanical relation: A(z) = —kgTInQ(z).>" The Helmholtz free
energy barrier is then calculated as: A4* = max(4(z))-min(4(z)). The entropy barrier (—AS¥) and the
energy barrier (AE¥) are then calculated by linearly fitting AA*(T) = AE* — TAS* to the temperature
T.

The full width at half maximum L of the canonical partition function of the gas—pore system Q(z)

is derived as follows (see Section 2.4):

Z,
max d
_hTe@ dz (4-8)
max (Q(2))
where zmay is the thickness of the adsorption layer. Note that I chose zmax = 0.5 nm, where the density of

the gas molecules approaches the bulk value. The average number of gas molecules adsorbed at the

pore mouth per unit bulk pressure Hpore Was calculated as follows:

Qfozmax Q(2) dz
kgTQ(z — )

Hpore T = (4-9)

In Equation (4-9), the number of gas molecules near the nanopore (the numerator) is calculated relative
to the bulk gas density (the denominator). The heat of adsorption AE.4s was derived by fitting Hpore(7)

= Apore €Xp(-AEaqs/ksT) to the temperature.
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In practice, the phase space (7, ¢, z, 5) should be discretized to approximate the integrals by sums.

Specifically, the » space was divided into grids of 0.013 nm, the ¢ space was divided into grids of 18°,

the z space was divided into grids of 0.033 nm, and the 6 space was discretized by randomly sampling

ten three-dimensional directions per position (7, ¢, z). The grid sizes in the », ¢, and z directions and

the number of randomly sampled directions in 6 were selected to ensure convergence of the Helmholtz
free energy barrier A4*. Additional details about the convergence are provided in Appendix 4.7.6.
Equations (4-2) and (4-3) involve additional parameters, including the two correction factors ¢ and

y, the areal density of gas molecules adsorbed on the graphene surface per unit bulk pressure Hsuf, and

a
the equivalent pore diameter D,. According to Section 3.4, § = (1 — Z—m> , where Dy, is the kinetic
p

diameter of the gas, and a is a gas-dependent exponent (4.6 for H, and CO,, and 3.7 for CHs). Because

the graphene nanopores are not perfectly circular, the equivalent pore diameter is approximated by
D, = ’%, where nc is the pore size (number of removed carbon atoms) and pc is the areal density of
C

the carbon atoms in graphene, 3.82x10" m™. The surface adsorption term Hsyr can be derived in a
similar way as Hpore, €xcept that the graphene sheet has no nanopore. Note that the correction factor y =
(T, Dp) in Equation (4-3) does not yet have an analytical expression due to the complex gas—gas
collisions and gas—pore interactions. Empirically, I interpolated the y values based on Section 3.5.
Typically, y is on the order of 0.05-0.10 regardless of gas type or temperature. Fortunately, [Tians
(calculated using Equation (4-1)) is typically much lower than Ilgieet + Ilsurface (calculated using
Equations (4-2) and (4-3)), and therefore, I1~ I1ns (Equation (4-4)). Consequently, my final prediction

of the gas permeance is insensitive to the parameters in Equations (4-2) and (4-3).

4.7 Appendices

4.7.1 Importance of the Entropy Barrier

Equation (4-1) includes the term exp(ASf / kB) which involves the entropy barrier —AS? . Recall that

an entropy barrier exists because when a gas molecule crosses the nanopore it is confined in its
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translational and rotational degrees of freedom. As a result, the entropy of a gas molecule decreases as

it moves from the bulk towards the nanopore. The entropy change AS l* from the bulk to the transition

state is therefore negative. Here, the entropy barrier is defined as —AS l* because minus TAS* is involved
in the Helmholtz free energy.

Interestingly, the entropy barrier is typically ignored in the literature when calculating the gas
permeance through graphene nanopores.**%1% However, the entropy barriers of different gases through
the same nanopore can vary by more than 10 J mol™ K-!, thereby contributing a factor of more than 3.3
to the total selectivity. Table 4-6 and Table 4-7 below show how neglecting the entropy barrier term
affects the selectivity predictions at 30 and 150 °C, respectively. Most importantly, neglecting the
contribution from the entropy barrier leads to a significantly reduced H»/CO; selectivity, which can no
longer match the experimental results reported in the main text (Table 4-3).

Table 4-6. Predicted H»/CH4, CO2/CHa, and Ho/CO; selectivities at 30 °C through graphene nanopore
ensembles generated as a function of etching time, with and without considering the entropy barrier

—AS}.

Etching Predicted selectivity with —AS} Predicted selectivity without —AS}
time S(H2/CHa) S(CO,/CHa4) S(H2/CO») S(H»/CHa) S(CO,/CHa) S(H2/COy)
20 1479.0£1067.5  865.4+642.2 1.7+0.6 120.24£77.2 251.9+161.8  0.48+0.06
21 132.84212.1 85.4+137.1 1.6+0.5 43.4+39.6 73.8+67.5 0.59+0.07
22 25.5+49.0 14.3+27.6 1.8+0.6 51.0+46.2 94.7+85.8 0.54+0.06
26 22.3+24.6 14.2+15.7 1.6+0.3 27.9+15.3 57.1+31.3 0.49+0.04
27 16.3+15.2 11.1+10.4 1.5+0.3 27.6+13.2 64.8+31.0 0.43+0.03
28 14.9+11.0 10.1+7.5 1.5+0.3 22.2+9.3 51.2+21.5 0.43+0.03
30 13.0+8.1 8.6+5.4 1.5+0.2 22.3+8.0 43.5x15.7 0.51+0.03
31 11.8+7.1 8.5+5.1 1.4+0.2 17.145.1 34.7+10.4 0.49+0.03
32 10.0+13.6 7.3£10.0 1.4+0.5 20.7x14.2 40.8+28.0 0.51+0.06
35 8.3+£5.9 6.6+4.7 1.3+0.3 12.9+5.7 26.1x11.4 0.49+0.05
40 6.3+3.1 4.8+2.4 1.3+0.2 8.8+2.5 19.7+5.5 0.45+0.03
45 5.6+0.8 4.4+0.6 1.3+0.1 6.3+0.5 11.2+1.0 0.57+0.02
50 4.6+1.1 3.8+0.9 1.2+0.1 5.3+0.8 9.1+1.3 0.58+0.03
52 4.1+£0.4 3.3+0.3 1.2+0.1 4.9+0.3 9.0+0.5 0.54+0.01
55 3.7+0.3 3.0+0.2 1.2+0.1 4.3+0.2 7.5+0.4 0.58+0.01
60 3.4+0.5 3.0+0.4 1.2+0.1 3.8+0.3 7.4+0.7 0.52+0.02
70 2.5+0.1 2.3+0.1 1.1+0.0 2.6+0.1 4.4+0.1 0.59+0.01
80 2.0+0.1 1.940.1 1.0+0.0 1.9£0.1 3.5+0.1 0.56+0.01

Table 4-7. Predicted H»/CHas, CO»/CHa, and H»/CO; selectivities at 150 °C through graphene nanopore
ensembles generated as a function of etching time, with or without considering the entropy barrier —AS. l* .
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Etching Predicted selectivity with —ASL.1E Predicted selectivity without —AS;k

time S(H,/CHy) S(CO,/CHa) S(H2/COy) S(H,/CHa) S(CO,/CHa) S(H2/COy)
20 1007.0+688.9  168.5+120.1 6.0£1.9 122.2+£71.6 121.7£71.4 1.00£0.09
21 205.6+251.4 38.6+47.7 5.3+1.6 67.2+40.8 57.9+35.3 1.16+0.10
22 63.3+114.8 10.7£19.5 5.9+1.6 77.8+45.1 72.3+41.9 1.08+0.08
26 51.0+£51.4 9.6+9.8 5.3£1.0 49.9+19.7 49.5+19.5 1.01+0.06
27 37.34£32.8 8.1+7.1 4.6+0.8 44.2+14.4 46.9+15.2 0.94+0.05
28 33.4423.1 7.1£5.0 4.7+0.8 39.6£12.3 43.4+13.5 0.91+0.04
30 28.9+17.2 6.1+£3.7 4.8+0.7 37.549.7 35.449.2 1.06+0.05
31 25.8+14.5 6.1+£3.5 4.2+0.6 29.0+6.4 29.0+6.4 1.00+0.04
32 22.5+29.3 5.2+6.9 4.3+14 33.8+16.3 31.2+15.1 1.08+0.10
35 17.5+11.9 4.6+3.2 3.8+0.8 21.547.1 21.6+7.1 1.00+0.07
40 12.946.0 3.4+1.6 3.8+0.6 14.0+3.0 15.1£3.2 0.92+0.05
45 11.2+41.5 3.0+0.4 3.7+0.2 10.2+0.7 9.3+0.6 1.11+0.03
50 9.0+2.1 2.7+0.7 3.3+0.3 8.2+0.9 7.4+0.9 1.11£0.05
52 7.9+0.7 2.4+0.2 3.3+0.1 7.8+0.4 7.3+0.3 1.06+0.02
55 7.1£0.5 2.240.2 3.3+0.1 6.8+0.3 6.1£0.2 1.11£0.02
60 6.4+0.9 2.1£0.3 3.1+£0.2 6.0+£0.4 6.1£0.4 0.99+0.03
70 4.5+0.2 1.7+0.1 2.7+0.1 4.0£0.1 3.6+0.1 1.09+0.01
80 3.6+£0.2 1.4+0.1 2.5+0.1 3.0+0.1 2.9+0.1 1.01£0.02

The importance of the entropy barrier for CO» is explained as follows. Note that CO> is a linear
molecule with a high aspect ratio. A CO, molecule could align itself perpendicularly to the graphene
basal plane to reduce the energy barrier, although such a configuration would incur a higher entropy
penalty to reach the middle of a nanopore. As a result, many nanopores exhibit very low energy barriers
but very high entropy barriers for CO. Consequently, neglecting the entropy barriers leads to significant
overprediction of the permeance of CO,. However, this effect is not significant for H, or CHa, and

neglecting the entropy barriers only leads to a mild overprediction of their permeances.

4.7.2 Derivation of the Average Energy Barrier

The average energy barrier of a pore ensemble AE* presented in Equation (4-5) is derived as follows.
Consider the total gas permeance I1 = Y;II; = }; A; exp(— AEL-* /kgT), where AE? is the energy
barrier of nanopore i in a pore ensemble and 4; is the prefactor corresponding to nanopore i (nearly
temperature independent). According to the Arrhenius equation, the average energy barrier can be

derived as follows:
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4.7.3 Matching the Theory to Other Experimental Datasets

The theoretical model developed in this chapter is also used to fit to three other experimental datasets
by Zhao et al.,'** Khan et al.,'*® and Rezaei et al.,'* assuming that the pore clogging hypothesis is valid.
Table 4-8 lists the Ho/CH4, CO2/CHa, and H»/CO; selectivities of graphene membranes M5, M6, and
M11 in that dataset at 30, 100, and 150 °C. Note that membranes M5, M6, and M11 were exposed to 1
s of oxygen plasma before testing.'?* All the membranes in that study were fabricated according to the
same procedure, but they behaved slightly differently due to randomness in the experiments. For each
membrane, the best fit of etching time increases as the temperature increases, which is consistent with
the findings reported in Section 4.4.

Table 4-8. Experimentally measured H»/CH4, CO»/CHs, and H,/CO; selectivities of membranes M5,

M6, and M11 reported by Zhao et al.'*. Each membrane-temperature combination is matched to an
etching time that reproduces the selectivities best.

Condition Measured selectivity Fitted selectivity

Best fit of

Mem- T - .
em emperas g JCH,  CO»/CH: H/CO, etching time H,/CH,4 CO,/CH4 Ho/CO»

brane  ture (°C)

M5 30 8.1 3.9 2.1 35 8.3£5.9 6.6+4.7 1.3+0.3
M5 100 8.4 3.1 2.7 45 8.8+1.2 3.5+¢0.5 2.6£0.2
M5 150 8.5 23 3.7 52 7.9+0.7 2.4+0.2 3.3+0.1
M6 30 1.5 35 2.1 40 6.3+3.1 4.8+2.4 1.3+£0.2
M6 100 10.8 4.1 2.6 40 10.1+4.8 3.8¢1.9 2.6+£0.5
M6 150 9.7 33 2.9 50 9.0+2.1 2.7+£0.7 3.3+0.3
M1l 30 12.7 8.8 1.4 30 13.0+8.1 8.6+5.4 1.5+£0.2
Ml1 100 11.6 4.8 2.4 35 13.5£9.4 5.2+3.7 2.6£0.6
Ml1 150 9.5 2.6 3.7 50 9.0+2.1 2.7+£0.7 3.3+0.3
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The effect of ozone treatment on the graphene membranes is also examined using my theoretical
predictions. Membranes M2 and M4 were treated by different stages of ozone treatment sequentially,
and their gas permeances were measured at each stage.'?> As shown in Table 4-9, for both membrane
M2 and M4, the best fit of etching time ¢ first decreases and then increases as the ozone treatment
progresses. This implies that mild ozone treatment only functionalizes the nanopore edge without too
much etching, effectively reducing the pore size. Further, extensive ozone treatment etches away carbon
atoms and expands the nanopores in graphene. It is worth noting that my theory tends to underpredict
the CO,/CHy selectivity and overpredict the Ho/CO; selectivity. This is likely caused by the oxygen
termination at the nanopore edge introduced by the ozone treatment. The quadrupole—dipole interaction
between CO- and the oxygen termination atoms favors the adsorption of CO; at the pore mouth, and
therefore increases the CO, permeance. Meanwhile, the preferential adsorption of CO; could hinder the
passage of other gases. My theoretical model does not consider edge terminations, which results in an
underprediction of the CO,/CHy selectivity and an overprediction of the H,/CO; selectivity.

Table 4-9. Experimentally measured H»/CH4, CO»/CHa, and H,/CO; selectivities of membranes M2 and
M4 reported in Zhao et al.'*> Each membrane-temperature combination was matched to an etching time

that reproduces the selectivities best. Note that some datapoints are not available because they were not
experimentally measured, or because they are not reliable due to large errors.

Condition Measured selectivity
Temperat Hy/ COy/ Hy/

Fitted selectivity
Best fit of

Membrane we(°C) CH: CHs  COs etching time ~ Hy/CHs  CO»/CHs  Hy/CO:
M2, pristine 150 211 58 37 32 2254293 52469 43+1.4
M2, 1 cycle O3 150 303 79 38 28 33.4+23.1  7.1£5.0 4.7+0.8
M2, 1 cycle Os 100 386 121 32 26 38.2439.9 11.0£11.6  3.5+0.7
M2, 1 cycle Os 30 53.6 28,6 1.9 21~22 - . 1.8+0.6
M2, 2 cycles Os 150 278 - - 30 289172 6.1£3.7 4.8+0.7
M2, 3 cycles Os 150 18 - - 45 11.2¢1.5  3.0£0.4 3.7£0.2
M4, pristine 150 233 64 3.6 31 25.8+14.5  6.1£3.5 4.240.6
M4, low T O3 150 388 82 47 27 37.3£328  8.1%7.1 4.6£0.8
M4, 1 cycle Os 150 261 74 35 30 28.9+17.2  6.1£3.7 4.8+0.7
M4, 1 cycle Os 100 269 100 2.7 27 27.94252  9.0+8.2 3.1£0.6
M4, 1 cycle Os 30 352 225 1.6 21~22 - - 1.8+0.6
M4, 2 cycles Os 150 7.6 - - 52 7.9£0.7 2.4+0.2 3.3£0.1

1128 and Rezaei ef al.'*° in

Similar analyses are carried out for the results reported by Khan ef a
Table 4-10 and Table 4-11, respectively. The nanopores in these two studies were intrinsic defects

formed during chemical vapor deposition of graphene in a reductive atmosphere, and therefore, were
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not likely terminated by dense oxygen-containing groups such as carbonyl groups. Nevertheless, these
nanopores still exhibit the effective pore size expansion as the temperature increases.
Table 4-10. Experimentally measured Hy/CHy selectivities of membranes reported by Khan et al.'*%.

Each membrane-temperature combination is matched to an etching time that reproduces the selectivity
best.

Condition Measured selectivity . Fitted selectivity
Best fit of etching
Membrane Tem(IzeCr;l ture S(H2/CHa4) time S(H,/CHq)
1 30 5.5 45 5.6+0.8
1 100 6.7 52 6.3+0.6
1 150 8.4 52 7.9+0.7
2 30 6.0 40 6.3+3.1
2 100 4.1 70 3.7+0.1
2 150 5.1 70 4.5+0.2
3 30 6.9 40 6.3+3.1
3 100 7.4 50 7.2+1.7
3 150 6.8 55 7.1£0.5
4 30 5.3 45 5.6+0.8
4 100 5.5 55 5.7+0.4
4 150 6.1 60 6.4+0.9
5 30 4.7 50 4.6+1.1
5 100 5.0 60 5.2+0.7
5 150 4.9 70 4.5+0.2
6 30 4.2 52 4.1+0.4
6 100 5.5 55 5.7+0.4
6 150 6.3 60 6.4+0.9

Table 4-11. Experimentally measured H»/CHy selectivities of membranes reported by Rezaei et al.'*°.
Each membrane-temperature combination is matched to an etching time that reproduces the selectivity
best.

Condition Measured selectivity . Fitted selectivity
Best fit of etching

Membrane Tem(}j;eé? ture S(H»/CHa4) time S(H2/CH,)
o-1 25 33 60 3.3+0.5
o-1 150 2.9 100 2.6+0.2
o-2 25 3.1 60 3.3+0.5
o-2 150 3.6 80 3.6+0.2
c-3 25 2.9 60 3.3+0.5
c-3 150 34 80 3.6+0.2
a-1 25 3.8 52 3.9+0.4
a-1 150 5.1 70 4.5+0.2
a-2 25 5.0 45 5.4+0.8
a-2 150 6.3 60 6.4+0.9
o-Apn-1 25 9.9 32 9.6+13.0
o-Apn-1 150 11.9 45 11.2+1.5
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6-Apn-2 25 6.1 40 6.1+£3.0

6-Apn-2 150 9.1 50 9.0£2.1
c-Apn-3 25 6.1 40 6.1+£3.0
c-Agn-3 150 7.4 55 7.1+£0.5
a-Ap-1 25 6.0 40 6.1+£3.0
a-Ap-1 150 9.2 50 9.0£2.1
a-Ap-2 25 10.4 32 9.6£13.0
a-Ap-2 150 13.0 40 12.94+6.0

4.7.4 Predicted Pore Diameter Distribution

As shown in Figure 4-7, the predicted pore diameter distribution terminates at 1 nm for all the etching
times investigated in this chapter, which is smaller than the high-resolution transmission electron
microscopy (HR-TEM) imaging results reported in ref. 118 (without clogging). Note that the predicted
pore diameter distributions in Figure 4-7, represent the open areas of nanopores in a membrane, with
the effect of pore clogging included. This inconsistency is indirect evidence for the clogging of the

nanopores under the experimental conditions considered.
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Figure 4-7. Distribution of the equivalent diameter of the nanopores generated by the Kinetic Monte
Carlo algorithm with etching times of (a) 30, (b) 50, and (¢) 80.

4.7.5 Comparison of Apparent Energy Barriers between Experiments and Theory

Table 4-12 compares the apparent energy barriers of H,, CO,, and CHs measured by He ef al.''®
experimentally and the apparent energy barriers derived by the theoretical fitting to the same dataset
(Table 4-5). The reasonably good match suggests that the theory advanced in this chapter can generate

pore size distributions that closely match those in the experimental samples.
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Table 4-12. Comparison between experimentally measured H,, CO», and CH4 apparent energy barriers
reported by He ef al.''® and the theoretically derived apparent energy barriers, with the partial clogging
hypothesis.

Condition Apparent energy barrier (kJ mol™)
Membrane Gas Experiment Theory
NG-1s H> 17.5+0.8 23.1
NG-1s CO2 13.8+1.3 15.1
NG-1s CH4 21.3+0.2 25.6
NG-2s Ha 11.9£2.4 18.6
NG-2s CO2 5.7+£1.9 9.8
NG-2s CH4 13.7£2.0 18.8
NG-3s H> 12.3+1.8 14.8
NG-3s CO» 7.4+1.2 7.6
NG-3s CH4 12.2+3.1 14.8

4.7.6 Convergence Test of the Phase Space Discretization

Figure 4-8 shows how the Helmholtz free energy barrier A4* of CO, crossing a three-fold symmetric
size 13 graphene nanopore depends on the number of grid points in the 7, ¢, z, and 6 directions. As

shown in Figure 4-8a, A4* converges when the number of grid points in the r direction exceeds ~20.

Meanwhile, Figure 4-8b, c, d show that A4* is not sensitive to the number of grid points in the ¢ or z

directions, nor to the number of randomly sampled molecular rotational directions 6. Consequently, 1

choose 30, 20, and 15 grid points in the 7, ¢, and z directions, and 10 randomly sampled 8 directions in

my calculations.
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Figure 4-8. Convergence of the Helmholtz free energy with the increase in the number of grid points in

(a) the r direction, (b) the ¢ direction, and (c) the z direction. (d) Convergence of the Helmholtz free
energy with the increase in the number of randomly sampled directions 6 of molecular rotation.
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S Demonstration of Gas Mixture Separation through
Suspended Nanoporous Single-Layer Graphene

Membranes

5.1 Introduction

Graphene monolayers perforated with nanometer-scale pores have the potential to enable a new class
of ultra-high flux, high selectivity membrane for gas mixture separations,?%10%:111:140.167.201.220-223 R ecent
studies have shown that graphene’s outstanding chemical, mechanical, and thermal stability could
enable these monolayer membranes to withstand the high pressure differentials and elevated
temperatures necessary to separate gas mixtures, even with thicknesses of only a single atomic
layer 2136224226 Dye to its single atom thickness, gas permeation through single-layer graphene
membranes could be orders of magnitude faster than permeation through conventional gas separation
membranes.'4%291-221 Ag 3 result, graphene membrane modules sized to separate a given gas mixture
flow rate could be substantially smaller in area and volume compared with conventional polymer-
membrane or hollow fiber modules, offering a solution to the challenging problem of membrane scale-
up.'??” Finally, many theoretical and computational studies have predicted that gas molecule
translocation through graphene nanopores with diameters on the order of ~1 nm or less is likely to be
an activated process, with energy barriers varying substantially based on the nanopore morphology and

2373152 which provides an opportunity to design graphene membranes with properties

gas molecule size,
tailored to achieve excellent separation performance.
Previous experimental efforts have investigated the transport of single, pure component gases

109110 or Jarger rips and tears.'*® Recently,

through graphene membranes with nanometer-scale pores
Boutilier et al. measured the permeances of individual gases through polymer-coated three-layer porous
graphene supported by polycarbonate track etched membranes, and the selectivities confirmed the
Knudsen effusion mechanism.!'!® Further, they observed molecular sieving of gas molecules through

anodic-aluminum-oxide-supported single-layer graphene membranes perforated by ion bombardment
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and oxygen plasma.'’® In these studies, gas selectivities were estimated from single gas permeation
measurements, which may not accurately account for phenomena such as competitive adsorption and
diffusion that could influence mixture separations through these membranes.®®!> Meanwhile, the
transport resistance from the support holes confounded the intrinsic performance of the graphene
membranes. Celebi ef al. provided the first demonstration of gas mixture separation through double
layer graphene membranes supported by SiNy with pores of 7.6 nm to 1 pm in diameter.!!! While these
studies have provided highly valuable insights into the properties of graphene membranes, further direct
measurements of gas mixture separations are critical for understanding graphene membrane separations.
In particular, studying gas separation through single-layer graphene membranes with pores small
enough to enable activated translocation is a central long-term goal. In this regard, measuring the
temperature dependence of the gas permeance is an important new approach for understanding the
mechanism of gas permeation through graphene nanopores and identifying activated transport processes.

In this chapter, for the first time, I directly measured gas mixture separation through single-layer
graphene membranes. Using an on-line mass spectrometer, [ quantified gas mixture separation through
nanopores created spontaneously during chemical vapor deposition (CVD) synthesis of graphene. This
chapter also report the first measurement of trans-membrane gas permeance at various temperatures
from 22 to 208 °C, which provides important insights into the mechanisms of gas permeation that have
not been elucidated previously. Two graphene membranes exhibited gas selectivities superior to the
Knudsen selectivities. This superior selectivity is attributed to a steric selectivity mechanism due to the
gas molecular size,?® which supports that the pore sizes in these two membranes are on the nanometer
scale. A third membrane exhibited relatively high gas permeances, as well as selectivities lower than
the Knudsen effusion prediction, indicating a combination of gas effusion and collective viscous
flow.!!! However, a fourth membrane exhibited lower gas permeances but higher selectivity, and
increasing permeance as a function of temperature, which supports an activated transport mechanism.
As temperature increased, the trans-membrane gas transport shifted from the activated regime to a non-
activated regime. Finally, a fifth membrane exhibited extremely low gas permeance at or below the
detection limit of my technique across the entire temperature range tested. Note that this chapter
represents the first direct measurement of gas mixture selectivity beyond the Knudsen selectivity for
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any graphene membrane. These results underscore the potential of graphene membranes as high flux,

high selectivity membranes for gas mixture separation.

5.2 Membrane Fabrication and Characterization

Polycrystalline graphene were synthesized on Cu foils by controlled pressure chemical vapor deposition
(CPCVD),*®® and transferred onto Ni supports with ~5 pum diameter holes to create suspended
membranes for gas permeation measurements (for experimental methods, see Section 5.5). Out of eight
graphene membranes initially fabricated in this way, five remained intact after transfer and allowed for
characterization and extensive gas permeation testing that lasted several weeks. As shown in Figure 5-1,
scanning electron microscopy (SEM) imaging of these five membranes (labeled hereafter A, A’, B, C,
and D) confirmed that each graphene membrane was suspended over the 5 to 10 um diameter
straightline channel machined into the Ni supports without any large tears. Membranes A and A’ were
fabricated from the same CPCVD growth. The contrast in the suspended graphene domains likely arises
from poly (methyl methacrylate) (PMMA) residue remaining from the transfer procedure, amorphous
carbon, or other adsorbed residue on the membrane. These residues could potentially influence gas
permeation through these areas by impeding direct gas impingement through graphene nanopores, or
by affecting gas adsorption at the graphene surface. Areas of the membrane with no residue are expected
to allow gas permeation directly through pores in the graphene. Any pores with sizes on the order of
~10 nm or less are below the resolution of the SEM under the imaging conditions. Figure 5-1D also
shows ~1 um diameter regions marked by red arrows with some straight sides that are uniformly

brighter than the rest of the membrane. These regions are likely graphene double or multilayers.
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Figure 5-1. Scanning electron microscope (SEM) images of graphene membranes suspended on nickel
foil supports with laser drilled holes. The holes were designed to be circular and 5 um in diameter. The
Ni foils were polished to increase the success rate of graphene transfer, which deformed the hole edges.
These five membranes, A, A’, B, C, and D, were used for gas mixture permeation measurements. The
contrast likely arises from residue on the membranes after the transfer process, while the lighter regions
in membrane D indicated by red arrows are likely graphene double or multilayers.

Raman spectroscopy was used to characterize the CPCVD-grown graphene transferred onto a Si
wafer piece. A representative spectrum is shown in Figure 5-2A. In this case, a clear D peak is observed,
indicating the presence of some defects in this region of the graphene sample.??*23! The D peak arises
from nanopores in the graphene, defects at grain boundaries, point defects, and/or carbonaceous
impurities.?” 232 The measured D to G peak intensity ratio, In/Is in this region is 0.16. The average
distance between defects Lp can be correlated to /p//g by the amorphization trajectory in the following
form: L3 (nm?) = (1.8 £ 0.5) X 1072 - A{(Ip/I5) ", where /. is the excitation laser wavelength (in
nanometers).?*>233 A 532 nm laser was used to obtain Raman spectra, and Lp is predicted to be (30 +
4.5) nm. To investigate the defect density and layer number distribution, spectra were collected in a
square array of 16 x 16 points spaced apart by a pitch of 20 um across the graphene sample supported
on Si wafer. The Raman laser spot diameter is 1.22 41/NA, where NA is the numerical aperture of the
microscope objective. Assuming NA = 0.5 for a 50x objective, the laser spot diameter was

approximately 1 um for the measurements. Thus, these laser spot areas do not overlap. Figure 5-2B
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shows the distribution of /p//g ratios. The majority of the regions on this graphene sample have Ip/lg <
0.2, corresponding to a low defect density.?>?** However, a significant fraction of the points display a
larger D peak with Ip/ls ranging up to 3. Additionally, it is well known that the 2D/G peak intensity
ratio Iop/lg can be used identify single-layer graphene. These data are contained in Figure 5-2C.
Approximately 2/3 of the graphene regions measured have lp/lc > 2, corresponding to single-layer
graphene, while some regions have lower lp/lc ratios corresponding to double or multilayer
graphene.??”*! Qverall, the relatively broad In/Ig and Lo/l distributions indicate that there appears to
be spatial heterogeneity in this as-produced graphene, but the majority of the active area of each

membrane appears to be monolayer graphene.
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Figure 5-2. (A) Representative Raman spectrum of the graphene membrane transferred instead to Si.
The 2D/G peak intensity ratio indicates that this region is single-layer graphene, while the presence of
the D peak may arise from grain boundaries, impurities, or defects in the film. (B) Distribution of D/G
peak intensity ratios, In//g, measured at an array of points on the graphene spaced apart by 20 um. The
majority of the points measured have Ip//g lower than 0.2, corresponding to low defect densities, while
some points have higher D peak intensities, corresponding to a higher density of defects. (C)
Distribution of 2D/G peak intensity ratios, />p/lg, measured at the same array of points on the graphene.
The majority of the points have Lp/lc > 2, corresponding to single-layer graphene, while some points
have lower ratios corresponding to double or multilayer graphene. (D) Diagram and (E) photograph of
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the module used to measure gas permeance through the suspended graphene membranes. The Ni foil
support was compressed between the two metal beads of a Swagelok VCR fitting to create a metal/metal
seal.

Each of the supported graphene membranes was sealed inside a module designed for gas
permeation testing, as illustrated in Figure 5-2D, E. The feed side of the membrane was pressurized to
1.4 to 1.5 bar with an equimolar mixture of gases spanning a large range of sizes and molecular weights,
including H», He, CH4, CO,, and SFs. Gas molecules that translocated through the membrane were
swept with Ar carrier gas at 1.1 bar into a calibrated mass spectrometer, which was used to measure the
permeance of each gas in the feed mixture (see Section 5.5 for details). The flow rates of the mixture
feed gas and the carrier gas were both 4 sccm. The membranes were tested at temperatures ranging from
22 to 208 °C. The results of these measurements revealed the gas transport behavior for the five

membranes.

5.3 Gas Separation Performances

As shown in Figure 5-3A, membrane A exhibited gas permeance values substantially above the
detection limit of the technique, which was determined through control measurements using Ni foils
with no hole (see Section 5.5.7). Meanwhile, the permeances through membrane A were well below the
values expected for the gas flow through an open channel in the Ni with no graphene membrane (~1072
mol m? s Pa’!, Figure 5-9), indicating that these gases translocated through pores in the intact graphene

membrane. The gas permeances measured for membrane A were on the order of 10° mol m? s! Pa’!,

while the permeances through typical polymer membranes range from 10'° to 107 mol m s Pa’!.!!!

This difference of 2 to 5 orders of magnitude highlights a key advantage of graphene compared to

conventional membrane materials.
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Figure 5-3. Gas permeation through graphene membranes A, B, C, and D measured as a function of
temperature. The filled symbols represent permeance through the intact graphene membranes (before
membrane rupture). The open symbols represent permeance measured after membrane rupture. The X
symbols represent measurements that showed permeance at or below the detection limit of the technique.

For membrane A, at each temperature, He had the highest permeance, followed by CH4, CO», and

SF¢ with the lowest permeance, mirroring the trend in the molecular weights of these gases from low to

high. The permeance through the membrane did not vary substantially as a function of temperature.

This trend of permeance as a function of temperature through membrane A suggests that gas

translocation was likely dominated by the gas effusion mechanism (Section 1.2), which is known to
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have a weak temperature scaling of 7" (where T is the temperature). Slight deviations of the
permeances from the T"'? scaling existed, likely due to the effective thermal expansion of the graphene
nanopores caused by the partial clogging effect of airborne hydrocarbons (Section 4.4 and Section 6.4).
For pores with diameters of microns or larger, the gas flux is dominated by collective viscous flow
described by the Sampson’s model for transport through a circular aperture in an infinitely thin
membrane.*** In this regime, the flux of a pure gas is inversely proportional to its viscosity. In the case
of a mixture gas feed, the gas mixture shares a mixture viscosity. Therefore, the selectivity approaches
1, indicating that no separation occurs.''! In contrast, the gas effusion mechanism is expected to
dominate transport when the pore diameter is smaller than the mean free path of the gas, which is on
the order of 100 nm near room temperature and atmospheric pressure.’” If there is no energy barrier for
gas translocation, then the flow rate of each gas via this mechanism is given by the impingement rate,
dn/dt:

dn 2 Ap
dt "~ °P" 2rMRT

(5-1)
where Aopen 1S the area open for impingement, Ap is the partial pressure drop across the membrane, M
is the gas molar weight, and R is the gas constant (Section 1.2). Following Equation (5-1), the selectivity
of the gas effusion mechanism, known as the Knudsen selectivity, is determined by the square root of
the ratio of the molar mass of each gas species (Graham’s Law of effusion).

The selectivity is defined as the ratio of the permeance values of a gas pair. Each gas pair among
the mixture explored in this chapter has a selectivity value. The selectivities of graphene membrane A
measured at 25 °C for He, CH4, CO,, and SFs in the gas mixture are shown in Table 5-1, which
approximately match the prediction from the gas effusion mechanism with some deviations (see values
in parentheses). Therefore, in membrane A, there existed spontaneously formed graphene pores large
enough so that the trans-membrane transport of gas molecules through these pores was not hindered by
an energy barrier. This requires a graphene pore size which is substantially greater than the gas
molecular size (Section 3.7). However, the graphene pores in membrane A must also be smaller than

the mean free path of the gas molecules, on the order of ~100 nm, to yield selectivities which are close

to those predicted by the effusion mechanism. This suggests that the graphene nanopores responsible
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for the gas mixture separation likely had diameters between 1 nm and 100 nm. These pores may have
been formed as defects during the graphene growth process.!*?34 It is unlikely that the pores are small
rips or tears in the graphene membrane created during the transfer procedure, because at least one other
sample transferred in the same way had no such defects (Membrane D, Figure 5-3D) and the mechanical
stresses involved in the transfer cannot create such small pores.

Table 5-1. Selectivities for membrane A measured at 25 °C. For comparison, the Knudsen selectivities
are shown in parentheses.

Molar Selectivity with respect to
Gas weight
(g mol) He CHa4 CO; SFs
He 4.00 i 2.40 (2.00) 3.62 (3.32) 9.30 (6.04)
CH; 16.04 0.42 (0.50) - 1.51 (1.66) 3.88 (3.02)
CO, 44.01 0.28 (0.30) 0.66 (0.60) ; 2.57(1.82)
SFs 146.06 0.11 (0.17) 0.26 (0.33) 0.39 (0.55) -

The absolute values of the gas permeance measured through membrane A can be used with
Equation (5-1) to further refine the estimate of the pore diameters in this membrane. The permeance of
gas i through a membrane is defined as the gas flux normalized by the partial pressure difference of gas

i. Therefore, according to Equation (5-1), the permeance K from effusion can be expressed as follows:

1 dn/dt Aopen 1
K=—: = - (5-2)
Ap Amembrane Amembrane V2nTMRT

where Amembrane 1S the area of the suspended graphene membrane. Note that 4membrane €quals 28.2 pm? for
membrane A (Figure 5-1A). The area open for impingement Aqpen in membrane A can be calculated
according to Equation (5-2) based on the permeance data for each gas. The results are summarized in
Table 5-2. Even assuming that the gas permeance in membrane A was contributed by one circular pore,
the resulting pore diameter is below the upper bound set by the gas effusion mechanism (100 nm).

Table 5-2. Area open for impingement Aopen in membrane A for four different gases at 25 °C, and the
corresponding pore diameter if only one circular pore existed. The open area is negatively correlated

with the gas kinetic diameter.®*° The theoretically fitted open areas are listed for comparison, exhibiting
high consistency with the experimental results.

P iameter if onl L Theoreticall
. Aoy ore dlgmeler if only Aopen relative Kinetic eoretically
as 5 one circular pore . A fitted Aopen
(nm?) . to He diameter (A) 5
existed (nm) (nm?)
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He  7.08x10° 94.9 1.00 2.6 7.10x10°

CHs 5.92x10° 86.8 0.84 3.8 5.97x10°
CO, 6.49x10° 90.9 0.92 33 6.42x10°
SFs  4.60x10° 76.5 0.65 5.5 4.59x10°

The possible pore size range in membrane A can be further narrowed down by considering the
difference in open areas Aqpen for different gases. If Aqpen is identical for all the gases, according to
Equation (5-1), the experimental selectivities should have matched the Knudsen selectivities. On the
contrary, the area open for impingement was the largest for He, followed by CO», and CHa, with SFs
ranking last. As shown in Table 5-2, the open area for SF¢ was only 65% of that for He. This difference
in open areas is consistent with the steric selectivity mechanism introduced by Wang et a/ in the steric
transport regime.?® Under this mechanism, gas transport shares common characteristics with the
effusion mechanism, including pore sizes which are smaller than the gas mean free path and zero energy
barrier for crossing. However, the steric selectivity mechanism takes the size of a gas molecule into
consideration, while the original effusion mechanism treats a gas molecule as a mass point devoid of
volume. Therefore, in the steric selectivity mechanism, it is possible for a gas molecule to hit the pore
edge and bounce off, even if its center of mass impinges within the pore region. This implies that the
“effective” open area Aqpen is smaller than the “actual” pore area Apore. The permeation coefficient o is
defined as the ratio of Aopen t0 Apore, Where Agpen = §Apore and 0 < § < 1. The larger the gas molecule,
the greater the likelihood that it hits the pore edge and gets rejected, and hence, the smaller the
permeation coefficient J. Recall that the size of a gas molecule in the context of a collision is
characterized by the kinetic diameter Dpn.*® As shown in Table 5-2, the open area Aopen was found to be
negatively correlated with the gas kinetic diameter, which is consistent with the characteristics of the
steric selectivity mechanism.

To be more quantitative, assuming that the pore is a circle and that the gas molecule is a hard
sphere, the permeation coefficient J can be expressed as a function of the gas kinetic diameter Dy, and
the pore diameter Dy: § = §(Dyy, Dp) . This equation contains three variables and one physical
dimension (length). According to the Buckingham x theorem,?* the original equation can be rewritten
in terms of a set of two (= 3 — 1) dimensionless parameters. One obvious choice of the set is ¢ and
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Dy, /Dy Defining the size factor w = Dy, /D, it follows that § = §(w). Sun ez al. previously studied

this function using a Monte Carlo hit-and-miss method.** An approximate function §(w) =~ (1 — w)?
was proposed by Wang et al?® and by Boutilier et al.!'> Here, 1 show that this function can be
analytically expressed and numerically integrated, assuming a Maxwell-Boltzmann velocity
distribution of an ideal gas (Appendix 5.6.1). Although the exact expression of d(w) involves a complex
double integration, the following approximate formula for J can be derived as (Appendix 5.6.1):
Sw) = (1—-w)3 (5-3)

Equation (5-3) has a maximum absolute error of only 2.2% for 0 < w < 1 (Figure 5-12 in Appendix
5.6.1). The exact function § = §(w) is a monotonically decreasing function (dashed curve in Figure
5-4a). When w = 0 (infinitely small gas molecule), § = 1, and the gas effusion limit is obtained. On
the other end, when w = 1 (gas molecule and pore of the same size), § = 0, suggesting a 100%
rejection probability.

Assuming a monodisperse pore size distribution, I fit the open areas for the four gases using the
steric selectivity mechanism using two parameters: the pore number # and the pore diameter D,. The
total open area for impingement of gas i can be obtained by multiplying the open area of each pore by

the pore number 7:

del _ T Dm,i
Ag’poen‘fi =n-: ZD% . 6( D, ) (5-4)

Then the following residual sum of squares (RSS) is minimized by tuning the parameter set (D,,

2
RSS = z (Agnpoecifll - Aopen,i) (5-5)
i=He,CHy,CO,,SF

The resulting optimized mean pore diameter D, is 2.5 nm, and the optimized pore number # is
2074, giving an areal pore density of 7.3x10'* m™ and an average inter-pore distance of ~120 nm. Note
that this inter-pore distance is greater than the inter-defect distance estimated by the amorphization
trajectory (~30 nm), implying that a large fraction of the defects are not pores, or are pores which are
too small for a significant gas flow. The corresponding theoretical fitted open areas are listed in Table

5-2, showing high consistency with the experimental results. For D, = 2.5 nm, the theoretical permeation
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coefficients J for He, CO,, CH4, and SFs and their experimental ratios are also plotted in Figure 5-4A
(Aopen,i/Aopen,j = 6;/0; because Apore Was the same for all gases during one test). The consistency
between the theoretical and the experimental values further validates the steric selectivity mechanism.
On the other hand, if the gas molecular size is neglected, the open areas would be the same, and § = 1
for all the gases. This null hypothesis of simple effusion predicts Agpen = Apore = 6.02 X 103 nm?

for all the gases, and leads to a large RSS which is 440 times greater than that predicted by the steric
selectivity mechanism.

The contour plot of Ig(RSS) as a function of (D,, n) is shown in Figure 5-4B. The order of
magnitude of RSS is plotted according to the color bar on the right. A single local minimum resides at
D, = 2.5 nm and n = 2074, which is colored in dark blue. As shown by the narrow dark blue region
(RSS < 10° nm?), only a small fraction of the parameter space can match the experimental data with
reasonable error. The narrow (D,, n) window for a small RSS suggests that the pore size dominating
the gas flux can be bracketed between 2.2 to 2.6 nm, and the corresponding pore number can be
bracketed within 1800 to 2600 total pores over the 28.2 um? area. The single local minimum of RSS
implies that the graphene pores in membrane A are likely to be monodisperse in terms of pore size. In
the case of polydisperse pore sizes, the current dataset with four independent data points limits the
number of independent variables to four, and therefore, is insufficient to generate an intricate pore size
distribution. Nevertheless, I attempted to fit the experimental open pore areas using two discrete pore
sizes Dy and Dy, with pore numbers 7, and n,, respectively. In this case, the open area for gas i can be

expressed as follows:
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Figure 5-4. (A) Steric selectivity mechanism prediction of the permeation coefficient J as a function of
the size factor w (dashed curve). The model predictions for He, CO,, CHa4, and SF¢ for a pore diameter
of 2.5 nm are marked along the curve. The model predictions match the experimental values (horizontal
lines in grey). A zoomed-in version is shown in the inset. (B) Contour plot of Ig(residual sum of squares)
as a function of the pore diameter D, and the pore number n. The residual sum of squares is evaluated
using Equation (5-3) for calculational efficiency. (C) Schematic illustration of the Cu etching process

through a nanoporous graphene layer. (D) SEM image of the etch pits formed after Na,S,0s etch for 20
s. The areal pit density is 2.8x10'* m and the pits are of similar sizes.
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The parameter set (Dp1, 11, D2, n2) that minimizes the RSS is equivalent to the fitting results of a
monodisperse pore size distribution (Dp1 = Dp2 = 2.5 nm, n; + n, = 2074), suggesting that the sizes of
the nanopores in membrane A are likely to be close to monodisperse.

A 2.5-nm pore cannot be easily imaged by SEM, but its size can be effective magnified by selective
etching of Cu beneath the graphene pore, using a method developed by Kidambi ef al.>** A droplet of
aqueous sodium persulfate (Na,S,0s) solution was placed on as-synthesized single-layer graphene

grown on Cu substrate (Figure 5-4C) for 20 s. Persulfate ions crossed the graphene pores and etch the
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underneath Cu into pits, which were substantially larger the graphene pores and are observable by SEM
imaging. Figure 5-4D shows the SEM image of etched Cu foil covered by porous graphene. Note that
this graphene/Cu sample was fabricated in the same CPCVD batch as membrane A. As shown in Figure
5-4D, the pits are of ~50 nm in diameter, and the average inter-pit distance is ~120 nm, consistent with
the steric selectivity mechanism prediction. To be more exact, the pit density is 2.8x10'3 m, which is
on the same order of magnitude as the predicted pore density in membrane A (7.3x10'* m?). Assuming
a uniform pore size distribution, the pore size and the pore density are inversely correlated because the
overall gas permeance was measured experimentally. A close prediction of the areal pore density
suggests a reasonable estimation of the pore size. This agreement between calculated and experimental
pore densities provides strong support for the validity of the steric selectivity mechanism described
above.

Assume that the influx of etchant ions and the efflux of Cu?* ions are limited by the small graphene

pore bottleneck D,, and that the growth rate of the pit volume is proportional to the efflux of Cu?*"ions.

Then the pit diameter Dy should scale with (Dpt)1/3.48 As shown in Figure 5-4D, the sizes of the Cu

pits are similar, indicating a monodisperse graphene pore size distribution. The directly observed areal
pit density (a proxy for the graphene pore density) and the monodisperse pit size distribution strongly
validate the prediction from the steric selectivity mechanism.

Note that certain factors are neglected in the steric selectivity mechanism, including a non-circular
pore geometry, a non-spherical gas molecule geometry, out-of-plane graphene ripples, and non-hard
sphere interactions between the gas molecules and the pore edge.?”>*” Adsorptive flux is not likely to
dominate the gas flux through membrane A because if gas adsorption was the rate-limiting step, the gas
permeance should have significantly decreased as the temperature increased because adsorption is
typically exothermic (Section 3.5).

The analyses based on the steric selectivity mechanism show that the gas mixture selectivity can
be enhanced above the Knudsen selectivity when the lighter gas is also smaller in kinetic diameter, and
can access a larger effective open area for impingement, which is typically the case. One exception is

CO; vs. CHa, where CO; (M = 44 g mol™', Dy, = 3.3 A) is heavier but smaller than CHs (M = 16 g mol-
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!, Dm = 3.8 A). As a result, the experimental CH4/CO> selectivity is less than the Knudsen selectivity
(Table 5-2). This steric effect at pore entrance can only be observed when entering the pore has the
greatest transport resistance along the permeation route. This is especially true for graphene, because it
has negligible thickness and there is no transport resistance “within” the pore. In contrast, the gas
transport resistance through a long straight pore in a thick membrane is necessarily dominated by the
resistance from the inner pore wall. In this regard, the steric selectivity mechanism can be applied to
other two-dimensional nanoporous membranes, such as transition metal dichalcogenides and hexagonal
boron nitride.

Figure 5-5A shows the entire testing history of gas separation by membrane A with temperature
cycling. The permeances of He, CH4, CO,, and SFg¢, as well as the testing temperatures, are shown in
Figure 5-5A in time order. Time was counted only when the system was under testing condition for gas
permeation, and membrane A survived 25 days of continual testing without breaking, before I loaded
another membrane. Notably, an irreversible permeance increase during the temperature cycling was
observed. As shown in Figure 5-5B, the He permeance started at 4.8x10° mol m? s™! Pa™! at 24 °C, and
increased to 7.7x10° mol m? s Pa”! when the permeation setup was heated to 50 °C. This increase was
not reversible, as the He permeance remained nearly remained unchanged after cooling down back to
room temperature. The He permeance again increased to 3.3x10”° mol m™? s Pa’! upon heating to
100 °C and did not revert at room temperature. Finally, the permeance of He slightly increased when
heated to 200 °C and then stayed nearly invariant to temperature. A similar behavior was observed for
the other three gases (the result of CHs4 is shown in Figure 5-5C). Note that the gas permeances had a
daily fluctuation pattern, with a high permeance value followed by a low one. On average, a fluctuation
of 8% was observed. This is because, typically, two tests were carried out per day, with an accumulation
time of ~400 min and ~900 min, respectively (see Section 5.5.5 for description of the gas accumulation
mode). Note that the permeance value from the longer accumulation time is smaller because of (i)
reverse permeation of the permeated gas back to the feed gas, and/or (ii) a potential gas leak from the
isolated permeate compartment. In Chapter 6, this variation was eliminated by increasing the total

membrane area and measuring gas permeances in real time (no accumulation was needed).
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The hypothesis for the observed irreversible permeance increase is the non-recoverable change of
polymer residue desorption from the graphene nanopores upon heating. The graphene membrane was
transferred from the initial Cu substrate to the Ni foil with a hole using PMMA as an intermediate
supporting layer. As reported in the literature, PMMA residue is difficult to remove entirely from
graphene.?’?3* Some PMMA residue could be observed by SEM imaging (Figure 5-1A). The testing
history data suggest that, initially, the PMMA residue covered a majority of the graphene nanopores,
thereby blocking the gas effusion or providing a mass transfer resistance in series to the covered pores.
Upon heating, the residue may decompose, degrade, or otherwise relocate, thereby opening the
underlying nanopores to allow gas effusion or to eliminate this resistance. Two other hypotheses include
(1) the structure of the existing pores irreversibly changed, and (2) new graphene pores were created
upon heating. Hypotheses (1) and (2) are less likely because of the previously observed thermal stability
of graphene.?’ In addition, the relatively stable gas selectivity during temperature cycling indicates that
the graphene pores are of similar sizes, with only the number density of uncovered pores increasing
upon heating. As shown in Figure 5-5A, the gas permeances through membrane A remained stable after
the gas permeation setup was heated to 100 °C (day 11). The permeance data shown in Figure 5-3A are
extracted from the raw data (Figure 5-5A) after membrane stabilization was completed by heating. In
order to eliminate the effect of PMMA blockage, all the other graphene membranes were heated up to

200 °C inside the module before permeation testing.
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Figure 5-5. (A) Gas permeation temperature cycling history of graphene membrane A. Each symbol
represents the permeance of each gas measured during one test. Time was accumulated onto days of
testing only when the system was under testing condition for gas permeation. The temperatures of the
tests are shown at the bottom. Permeance results of (B) helium and (C) methane through membrane A
when carrying out temperature cycling. The sequence of the tests is marked by the arrows. (D)
Arrhenius fitting results of gas permeances through membrane C. The natural logarithms of permeances
are shown as functions of the inverse temperature.

In summary, the gas mixture separation results for membrane A show that selectivities beyond the

Knudsen effusion limit can be achieved by graphene pores of several nanometers in size. The steric
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selectivity mechanism is implemented to fit the pore size and the pore number, and the results suggest
a monodisperse pore size distribution. A stabilization process driven by heating the system removed the
PMMA residue blocking the pores, thereby irreversibly increasing the gas permeance.

Graphene membrane A’ (Figure 5-1A”) was fabricated from the same CPCVD batch as membrane
A. the gas permeances through membrane A’ were measured at room temperature, and the results are
listed in Table 5-3. Note that the selectivities of membrane A’ and A are similar, indicating similar pore
sizes in these two membranes. This implies that the graphene nanopores were formed during the
CPCVD growth of graphene but not during the subsequent transfer, because it is unlikely that two
separate graphene transfers yielded highly consistent defect and tear structures. Meanwhile, the pore
density in membrane A’ is 53% of that in membrane A, which is closer to the pore density measured
using the Cu-etching method (Figure 5-4D). This suggests that the areal pore density may not be
uniform across the whole length of the CPCVD-grown graphene (see Section 6.2 for additional
discussion).
Table 5-3. Gas permeances and selectivities of membranes A’ and A measured at 25 °C. The

permeances of both membranes are of the same order of magnitude, and their selectivities are similar
and exceed the Knudsen selectivities.

Permeance of Permeance of Sel.ectwlty Sel.ecthty Knudsen
relative to SF¢  relative to SFe .

Gas membrane A’ membrane A effusion

5 Dol 5 Dol of membrane of membrane .
(mol m~ s Pa™) (mol m~s™' Pa™') A A Selectivity

He 17.0x10° 31.8x10° 9.44 9.30 6.04
CH4 7.2x10° 13.3x10° 4.00 3.88 3.02
CO; 4.7x10° 8.8x10°° 2.61 2.57 1.82
SF¢ 1.8x10° 3.4x10° 1.00 1.00 1.00

Graphene membrane B exhibited similar characteristics as membrane A in terms of gas
permeances, including near Knudsen effusion selectivity and little temperature dependence (Figure
5-3B). The permeances of H», He, CH4, CO,, and SF¢ are ranked from high to low, in accordance with
the order of their molar weights (from low to high). Therefore, the gas transport through membrane B
is also dominated by the effusion mechanism. The gas permeance of membrane B was found to be

approximately four times higher than that of membrane A, indicating a greater open area for gas
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molecule impingement. However, as shown in Table 5-4, the selectivities between gases were generally
inferior to the Knudsen effusion selectivity. This suggests that collective viscous flow contributed a
considerable fraction to the total gas flux. This transition from the Knudsen effusion mechanism to the
non-selective collective flux has been reported by Celebi et al.'!! In this transition regime, the equations
describing the gas effusion mechanism (Equations (5-1) and (5-2)) are not precise. Nevertheless, an
order-of-magnitude estimation of the pore area can be given as follows. According to Equation (5-2),
the open area for impingement Aopen 0N membrane B is 1.7x10* nm? (based on the CO, permeance at
208 °C). Estimations of Aepen from other gases and temperatures are between 1x10* and 2x10* nm?. If
only one circular pore existed in membrane B, then, the pore diameter would be on the order of ~150
nm, which is on par with the gas mean free path at ambient pressure (~100 nm). This suggests that the
gas flux through membrane B is dominated by one or several large holes or tears of ~100 nm in size.

Table 5-4. Selectivities for membrane B measured at 208 °C. Knudsen selectivities are shown in
parentheses.

Molar Selectivity with respect to
Gas mass
(g mol) H, He CH, CO; SFs

H, 2.01 i 1.01 (141)  2.00(282) 2.72(468) 448 (8.52)
He 400 0.99(0.71) ; 1.98 (2.00)  2.69(3.32)  4.44 (6.04)
CH: 1604  050(0.35)  0.50(0.50) ; 136 (1.66)  2.24(3.02)
CO, 4401  037(021)  037(0.30)  0.74 (0.60) ] 1.65 (1.82)
SFs 14606  022(0.12)  023(0.17)  045(0.33)  0.61(0.55) ;

The gas permeances through membrane B were found to be well below the no-graphene-membrane
permeances (Figure 5-9B in Section 5.5.7), indicating the existence of an intact graphene membrane.
Further, the permeances were found to be orders of magnitude higher than the detection limit (Figure
5-3B). After completing the gas permeation measurements with membrane B, the graphene membrane
ruptured, potentially due to the mechanical stresses exerted on the membrane from pressurization, or
due to thermal expansion and contraction of the support upon temperature cycling. The membrane
rupture was detected by a significant permeance increase and by the loss of membrane selectivity. The
permeances of an equimolar mixture of CH4 and CO; through the ruptured membrane B are shown as

the open points in Figure 5-3B. These permeance values (~10~ mol m? s! Pa!) are 1-2 orders of
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magnitude higher than those observed before rupture (107 — 10 mol m? s”' Pa™!), again confirming that
the intact membrane acted as a barrier to gas permeation, including imparting the observed selectivity.
Note that the permeances through the ruptured membrane (~10~ mol m? s™! Pa™!) are still considerably
lower than those through a totally open hole (~102 mol m™ s! Pa’!, Figure 5-9B in Section 5.5.7). This
indicates that the ruptured graphene membrane B did not fully detach from the nickel support. The
membrane rupture likely originated from previously existing pores, because the mechanical stress near
a graphene pore is higher than that in the perfect lattice region.??® The reduced mechanical stability of
membrane B is consistent with the prediction that it has at least one large pore defect (> 100 nm).

Note that unlike membrane B, the H» permeance through membrane A is not shown in Figure 5-3A.
This is because the permeance data of membrane A were collected using a different set of mass
spectrometer tuning parameters, which resulted in a much lower H; sensitivity (Figure 5-13 in Appendix
5.6.2). Nevertheless, the discussions about membrane A remain valid.

Compared to graphene membranes A, A’, and B, membrane C exhibited a more complicated gas
permeation behavior (Figure 5-3C), which has not been observed previously for graphene membranes.
At the lowest temperature tested, 27 °C, the permeances of H,, He, CHa, and SFs were found to be at or
below the detection limit of the technique. These data points are indicated by X markers overlaying the
detection limit lines. The permeance of CO; was found to be barely above the lower detection limit at
27 °C. As the temperature increased, the permeances of all the gases drastically increased to above the
detection limit at 100 °C, and then remained relatively stable up to 200 °C. Overall, the gas permeances
through membrane C were found to be lower than those through membranes A, A’, and B. It is worth
noting that the gas selectivity of membrane C does not match the gas effusion mechanism. Firstly, the
permeances of H, and He are not substantially higher than those of CH4 and COs,. In fact, at the highest
temperature of 200 °C, CO, exhibits the highest permeance, followed by CH4, He, H,, and SFe.
Secondly, SFs exhibits much lower permeances than those predicted by the Knudsen effusion
mechanism. For example, the CO./SFs selectivity is 12 at 200 °C, and at least 20 at 100 °C, far
exceeding the Knudsen effusion selectivity of 1.82. Note that the testing of membrane C commenced
at 200 °C, and then the temperature was decreased until it reached 27 °C. Therefore, as discussed above,
the potential effect of polymer residue can be ruled out.
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The observed large deviation in the selectivity of membrane C relative to the Knudsen selectivity
implies that the pore size in this membrane may be comparable to the size of the gas molecules
considered in this chapter. In this scenario, a gas molecule needs to overcome an energy barrier to
translocate through the pore. In this activated regime, the gas permeance and selectivity are controlled
by the energy barrier, and are sensitive to the gas molecule size, the pore size, and the pore-gas
interaction.’® The observed dramatic increase of gas permeance from 27 to 100 °C supports the
existence of an energy barrier. To deduce the energy barrier, the CO» permeance is fitted to temperature
using the Arrhenius equation. Specifically, in the activated regime, the permeance £ is proportional to
e Fa/RT \where E, is the apparent energy barrier. As shown in Figure 5-5D, the apparent energy barrier
of CO, permeating through membrane C is 20.3 kJ mol™! at low temperatures. At higher temperatures
(100 °C and above), the apparent energy barrier is merely ~2 kJ mol™, indicating a weak temperature
dependence. Therefore, gas transport through graphene nanopores in membrane C was found to shift
from the activated regime to the non-activated regime as the temperature increased. An alternative
hypothesis is that the pore sizes effectively expanded between 27 to 100 °C due to the desorption of
surface contaminants (Section 4.4). Above 100 °C, most of the contaminants had desorbed and the
effective pore expansion plateaued. The low permeance of SFe suggests that the apparent energy barrier
of SFg is higher than that of other gases, which is reasonable because SF¢ has the largest size among the
five gases in the feed mixture.

As mentioned above, the CHs and CO; permeances through membrane C were found to be higher
than, or almost equal to, the H, and He permeances, even in the non-activated regime, which does not
obey the effusion mechanism nor the steric effusion mechanism. This paradox can be resolved by
considering the surface diffusion from the gas adsorption layer on graphene. Adsorptive gases such as
CO; and CH; tend to accumulate on the graphene surface to form an adsorption layer with a local
molecular density which is higher than that in the bulk gas phase. Gas molecules in the adsorption layer
can then diffuse along the graphene surface and approach graphene pores (Section 3.5). This route
proceeds in parallel to the direct gas impingement, and provides another source of gas molecule supply

to the pore. The impingement rate from the bulk phase scales as the pore area (Equation (5-1)).

176



Assuming a circular pore with diameter Dy, the bulk impingement rate scales as Dg. However, the gas

molecules in the adsorption layer diffuse to the pore entrance via a circular pore rim, and the surface

diffusion rate should scale as D}, (Equation (3-10)). Therefore, surface diffusion has a more pronounced

effect on gas permeance when the pore size is small. CO, and CH4 are much more adsorptive than He
and H», and therefore, have larger contributions from surface diffusion to their overall permeances.
According to previous simulation studies, a more adsorptive, albeit larger gas such as N», can have a
higher permeance than a smaller gas such as H, for certain pore configurations.*’:!>> Note that SF is
more adsorptive than CO, and CH4, and the fact that SFs has the lowest permeance suggests that the
graphene pore size in membrane C is comparable to the SF¢ molecular size.

After completing the gas permeation testing, in order to verify that the gas permeance could be
attributed to the graphene membrane, membrane C was intentionally ruptured by increasing the feed
pressure to > 2 bar. The permeance values measured after rupturing membrane C, shown by the open
symbols in Figure 5-3C, are several orders of magnitude higher than those observed before rupture,
again confirming that the observed gas permeation behavior is due to gases permeating through the
intact membrane.

The gas permeance through membrane D, shown in Figure 5-3D, was also found to be different
from those of membranes A, A’, B, and C. For membrane D, the permeances of all measured gases
considered were found to be at or below the detection limit of the technique at temperatures between
25-200 °C, as indicated by the X markers at the detection limit lines. These data suggest that, apparently,
membrane D has very few, or possibly, no pores which are large enough to allow permeation of H», He,
CHa, COg, or SFe. After completing the initial gas permeation measurements, graphene membrane D
was exposed to 6 mol% Os in O, for 30 s, while the membrane was maintained at 200 °C inside the
module. Ozone is a strong oxidant that has the potential to create pores through reaction with the carbon
atoms in the graphene membrane.?***! This treatment resulted in the abrupt rupture of the membrane,
as reflected in the substantial gas permeances observed after the treatment, indicated by the open
markers in Figure 5-3D. In the study by Agrawal et al., a single-layer graphene membrane with no

measurable gas permeance was exposed to ozone treatment, but catastrophic failure did not occur until

177



the membrane was exposed to 5 mol% Os for 180 s at 200 °C.?** It is possible that the impurity polymer
layer is first attacked by the Os, delaying chemical attack of the underlying graphene. Comparison
between the two ozone treatment processes suggests that the process is stochastic, and requires further
effort for optimization. Specifically, shorter treatment times, pulsing O3 input, and/or lower ozone
concentrations will likely be required to create pores without destroying membranes of this type.

The five graphene membranes exhibited diverse gas separation performances, indicating different
pore size distributions in these membranes. It is found that the spontaneous formation of the graphene
pores during the CVD process is correlated to the O leak into the CVD system (see Section 5.5.9). An
O; leak of 6.2 umol generated two graphene membranes that had gas separation performance which are
similar to those of membranes A and A’. When the pipeline was sufficiently sealed and no major O,
leak was allowed, the resulting graphene membrane showed no measurable permeance for all the gases
considered (below the detection limit). The effect of the trace O, on the formation of graphene
nanopores will be discussed in Section 6.2. This also explains why the five membranes exhibited diverse
gas permeation properties: the graphene membranes could be grown at different O, leak conditions,
which was stochastic and depended on the mass flow controller condition, the atmospheric pressure,

and the leak tightness.

5.4 Conclusions

In conclusion, for the first time, I measured the permeances of individual gases in a gas mixture through
spontaneously formed pores in five suspended single-layer graphene membranes. Further, for the first
time, I measured the temperature dependence of the gas permeance, which is a useful technique to
investigate transport mechanisms through the graphene membrane. Membrane A displayed selectivities
which were higher than the Knudsen selectivities. I fitted the permeance data using the steric selectivity
mechanism and obtained a monodisperse pore size distribution peaked at a diameter of 2.5 nm.
Membrane A’ displayed gas transport characteristics which are similar to those of membrane A.
Membrane B exhibited selectivities which are inferior to those predicted by the gas effusion mechanism,
suggesting a combination of effusion and viscous flow and pore sizes of ~100 nm. Membrane C

displayed a much higher selectivity than that predicted by the effusion mechanism. The CO,/SFg
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selectivity was found to be greater than 20 at 100 °C. Membrane C also displayed significantly
increasing permeances as a function of temperature. Membrane D displayed extremely low permeances
at or below the detection limit of my technique, indicating that few or no gas-permeable pores are
present in membrane D. This type of graphene membrane is suitable for further pore creation
investigations.

In the future, developing a strategy starting from impermeable membranes and then creating pores
of well-defined structure, or tailoring the pore size distribution during the graphene CVD process will
be critical to establish structure-permeance relationships. My results demonstrate that with continued
research, graphene membranes have great potential for high flux, high selectivity gas mixture separation.

In the next chapter, I will further investigate the mechanism of graphene nanopore formation
during CVD, including controlling the pore size accordingly. I will also significantly scale up the area

of the graphene membrane.

5.5 Methods

5.5.1 Graphene Synthesis

To begin the graphene synthesis process, copper (Cu) foil substrates for graphene growth were first
electropolished to reduce surface roughness.?*> The electrolyte solution was prepared by mixing 100
mL water, 50 mL ethanol, 10 mL isopropanol, 50 mL orthophosphoric acid, and 1 g urea, and then
stirring for several minutes. The Cu foil growth substrate (25 um thick, 2.5 cm wide, 6 cm long, 99.999%
purity, Alfa Aesar) was used as the anode of an electrolytic cell for the electropolishing process. A
second piece of Cu foil (25 pm thick, 2.5 cm wide, 30 cm long folded several times to a reduced length
of 6 cm long, 99.8% purity, Alfa Aesar) was used as the cathode. The anode and cathode were
positioned parallel to each other, approximately 3 cm apart, in a glass vessel.

A power supply was used to apply a voltage of +3.5 V between the anode and the cathode for 180
s. The resulting current stabilized at 0.5-0.6 A after several seconds. Immediately after the power supply
was switched off, the Cu anode was rinsed under a flow of ethanol, and then sonicated in ethanol twice

for 1 minute each to remove oxidized copper particles from the foil surface. The Cu foil was then rinsed
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with water and isopropanol, dried under a flow of air, and cut to a size of 2 cm wide by 5 cm long for
the graphene synthesis.

Graphene films were grown on the electropolished Cu foils using a controlled pressure chemical
vapor deposition (CPCVD) procedure adapted from Yan and coworkers.??® A schematic diagram of the
reactor is shown in Figure 5-6. The electropolished Cu foil was placed on a 3 mm thick Cu frame, which
provided mechanical support at the edges of the Cu foil during the growth process. The Cu foil and
frame were inserted into a 25 mm outer diameter quartz tube and positioned in the center of a tube
furnace (MTI OTF-1200X-S). The ends of the quartz tube were sealed with KF flanges (Kurt J. Lesker
Co.), and the tube was purged with H, at a flow rate of 500 sccm using a MKS GES50A mass flow
controller (MFC). A metering valve and gate valve downstream of the reactor were opened, and a
vacuum pump was turned on to evacuate the quartz tube while maintaining the 500 sccm H» flow to
purge air out of the system. The base pressure attained during this evacuation under H, flow was lower
than 2 Torr. After several minutes of purging, the valves to the vacuum pump were closed, and the
pressure inside the tube was raised. The H, flow rate was decreased to 70 sccm, and the metering valve
downstream of the tube furnace was opened and adjusted to achieve a steady pressure of 800—900 torr,
as measured using a MKS Baratron capacitance manometer. The furnace temperature was ramped up
to 1077 °C over 120 minutes, and the Cu foil was annealed under the H; atmosphere for 12—18 hr. After
the annealing step was complete, the metering valve downstream of the reactor was adjusted to reduce
the pressure to 108 Torr, and an additional flow of 0.1 sccm CH4 was allowed into the reactor using a
MKS GES0A MFC. After 68 hours growth time, the CH4 flow was stopped and the quartz tube was
quickly pushed out of the furnace tube and cooled with a fan. The H, pressure in the reactor was raised
again to 800 — 900 Torr while the furnace cooled. After the temperature was below 100 °C,
approximately 1 hour later, the reactor was opened, the H, flow was stopped, and the graphene/Cu foil

was removed from the quartz tube.
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Figure 5-6. Diagram of the controlled pressure chemical vapor deposition (CPCVD) reactor used to
synthesize the graphene films.

5.5.2 Support Preparation

Circular pieces of nickel foil (125 pm thick, 11.9 mm diameter, 99.9% purity, Alfa Aesar) were used
as supports for the graphene membranes. A commercial laser drilling service (Potomac Photonics Inc.)
was used to create a single cylindrical hole of 5 + 2 um diameter in the center of each nickel support.
After the laser drilling, each support was polished for 60 s using a diamond lapping film with 1 um
average particle size, then polished for an additional 60 s using a diamond lapping film with 0.1 pm
average particle size (3M). Subsequently, the supports were cleaned via sonication in water, acetone,
and isopropanol for 3—5 minutes each and dried under a flow of air. The supports were further cleaned
in air plasma for 3 min (Harrick Plasma PDC-32G). Silicon wafer pieces were used as supports for
Raman spectroscopy characterization of the graphene. In this case, Si pieces were cleaned in solvents

and air plasma, as described above, prior to the graphene transfer process.

5.5.3 Graphene Transfer

The graphene films were transferred to the supports using a wet transfer process.”*® This process
involved several steps: coating the graphene on Cu foil with polymethyl methacrylate (PMMA), etching
away the Cu, rinsing the PMMA/graphene composite film, scooping the PMMA/graphene composite
film onto the support, annealing the PMMA, and finally dissolving the PMMA film with acetone.
After the CPCVD graphene synthesis, the graphene on Cu foil and the supporting Cu frame were

attached to a Si wafer using adhesive polytetrafluoroethylene (PTFE) tape. Then, a PMMA solution
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(MicroChem Corp. 950 PMMA A4, 4% in anisole) was spin coated onto the graphene on Cu foil at
2000 rpm for 2 minutes, followed by 500 rpm for 30 s. The coated film was dried in air for at least 30
min.

Next, the PMMA/graphene/Cu foil was cut out of the supporting Cu frame and sectioned into
several square pieces of approximately 5 mm by 5 mm each. Each piece was suspended via surface
tension on top of a reservoir of a copper etchant solution containing Na»S>Os (Transene Co.). After 10
minutes, each Cu foil piece was removed from the etchant and suspended via surface tension on top of
a second reservoir of the same etchant solution to prevent contamination from the graphene etched away
from the back side of the Cu foil. The samples were left in this etchant solution until all the Cu was
dissolved and the composite film was transparent (typically after 60-90 min).

A clean Si wafer piece was then used to scoop the floating PMMA/graphene film off of the surface
of the copper etchant. To rinse the graphene, the sample was placed onto the surface of a large reservoir
of deionized (DI) water with a volume of approximately 2 L. The suspended PMMA/graphene film was
again scooped with a Si wafer pieces, and then suspended on the surface of a fresh DI water bath. This
rinsing procedure was carried out three times to remove as much residual copper etchant from the
graphene as possible. Finally, the PMMA/graphene film was scooped onto the desired support, either a
Ni foil piece with a single hole to create a membrane, or a clean Si wafer piece to create a sample for
Raman characterization. The samples were dried completely in air. To reduce stresses in the PMMA
film, the samples were annealed on a hot plate at 150 °C for 15 min, then at 200 °C for 10 min, and
finally cooled back down to room temperature in air.

The PMMA was removed from the samples using acetone. For nickel foil supports, the back side
of the support was masked with a small square of 2mm thick polydimethylsiloxane (PDMS) to prevent
solvent from entering the laser drilled hole. The masked substrate was suspended horizontally over the
surface of an acetone bath using a pair of self-closing tweezers, and positioned so that only the
PMMA /graphene-coated front side of the film was submerged in acetone. The sample was held in this
position for 8—10 min to fully dissolve the PMMA. PMMA/graphene samples on Si wafer pieces were
fully submerged in a beaker of acetone for 20-30 minutes to dissolve the PMMA. The PMMA layer
should be removed if the interference fringes could no longer be observed. After the samples were
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removed from the acetone, they were completely dried in air, and the PDMS pieces were removed from

the back of the Ni foil supports.

5.5.4 Graphene Characterization

Each graphene membrane was imaged using a JEOL JSM 6700 scanning electron microscope (SEM)
operated at an accelerating voltage of 1.0-2.0 kV. The SEM images were used to confirm that the
graphene membranes were intact, and to measure the precise area of the hole in each Ni foil support.
Raman spectra were collected using a Horiba LabRAM micro-Raman spectrometer with a 532 nm
laser, 1800 grooves/mm grating, and 100x objective. The spectrometer was calibrated using
cyclohexane’s most intense peak at 801.8 cm™!. To measure statistics on the peak intensity ratios, spectra
were collected at a 16 x 16 square array of points with 20 pm pitch. Data acquisition was carried out
using Horiba LabSpec version 6 software, and Matlab software was used for background subtraction

and spectrum analysis.

5.5.5 Gas Permeation Measurements

Measurements of gas permeation through the graphene membranes were carried out in the custom gas
permeation module shown in Figure 5-2D, E. Each graphene membrane on nickel foil support was
sealed in a Swagelok VCR fitting, which separated the feed side and the permeate side of the module.
On the feed side of the module, a feed gas mixture was flowed onto the membrane and out to vent
(Figure 5-7). A metering valve downstream of the module was used to adjust the feed gas pressure to
1.4-1.5 bar absolute. The feed gas was typically an equimolar six-component mixture containing H»,
He, N, CHs4, CO», and SF¢. In some cases, as noted, an equimolar two-component mixture containing
CH4 and CO; was used. On the permeate side of the module, an Ar sweep gas was flowed at 4 sccm at
a pressure of 1.1 bar. The permeate lines were heated to 200 °C to prevent gas adsorption. The
temperature dependence of the membrane permeance was measured by placing the entire module inside
a heating mantle (Series O Beaker Mantle, Glas-Col), insulating it with glass wool, and heating it using
an external temperature controller. The temperature was measured with a small thermocouple affixed

to the metal part of the permeation module at the location of the membrane using adhesive Kapton tape.

183



Accumulation

Sweep
Feed Graphene Gas Out
Gas Out Membrane to MS

Four way
valve

Four way valve positions
Accumulation mode: 1—2 and 3<—4
Continuous mode: 1«4 and 2«3

Figure 5-7. Diagram of the gas lines to and from the graphene module. The four-way valve position
was switched to change between the accumulation and the steady-state measurement modes.

The permeate lines to and from the membrane module were connected to a four-way valve to
enable the module to be operated in two modes. In the continuous mode, the sweep gas flowed across
the membrane and carried the permeated gases into the mass spectrometer (MS, Agilent 5977A with
Diablo 5000A real time gas analyzer). In the accumulation mode, the sweep gas bypassed the module,
leaving the permeate compartment isolated and sealed so that permeating gases could accumulate in the
closed loop. To end an accumulation measurement, the four-way valve was switched to place the
module into the continuous mode, which caused the Ar sweep to carry all the permeated gas into the
MS. Gas permeation measurements were always conducted in the accumulation mode, and depending
on the permeance of the membrane, accumulation times of 30 min to 3 days were used to collect enough
gas to be detected. The MS was pre-calibrated with respect to the gas composition, and provided a linear
dependence of the MS signal intensity vs. the molar composition of the gas feed. The MS signals were
recorded via computer software and used to calculate the permeance of each gas species. A sample of
the raw data from the mass spectrometer is shown in Figure 5-8, and the procedure for calculating the

gas permeance from these data is described in detail in Supporting Information Section 5.5.6.
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Figure 5-8. Example mass spectrometer raw data collected after completing an accumulation-mode gas
permeation measurement. In this case, the four-way valve was switched from the accumulation mode
to the continuous mode at 244 minutes. The gases were swept into the mass spectrometer, resulting in

these peaks. The area of each peak was numerically integrated and used to calculate the permeance of
each gas species.

5.5.6 Gas Permeance Calculation from Mass Spectrometer Raw Data

The gas permeances of the graphene membranes were calculated from the mass spectrometer data as
follows. In an accumulation measurement (Figure 5-7, valve position: 1 «<» 2 and 3 <> 4) started at time
t =0, the moles of permeating gas species i collected are given by the function n(¢). After accumulation
at time ¢ = 7, the valve positions are switched to the continuous mode (Figure 5-7, valve position: 1 <
4 and 2 < 3), sweeping the accumulated gases to the MS.

The mole fraction of component i among other permeated components and the sweep gas can be

expressed as follows:

()

x;(t) = (5-7)

dn . .
where (— = sweep flow rate, n;= moles of permeate component i, and x; = mole fraction of

d’-L)sweep

component i among other permeated components and sweep gas.

Rewriting Equation (5-7), one obtains:
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From the calibration of the MS, a linear relationship between the MS signal and the mole fraction
was obtained such that:
x;(t) = §;. MS; (5-9)
where MS; = MS signal for component i and S; = Calibration slope for component i.
The accumulation mode was designed such that the molar flows of the various components that

accumulated on the permeate side would be much smaller than the sweep flow rate, that is,

2(@) < (@), 10

L

Therefore, combining with Equations (5-8) and (5-9) yields:

(%) = (d—n) .S, MS; (5-11)
dt dt/sweep = i

When the swept permeate is sent to the MS, the total moles of each component can be calculated

by integrating the MS signal intensity as follows:

dn T+6T
Tli(T) = (—) ' Si ' f MSL dt (5—12)
dt sweep T

In Equation (5-12), the integral of the MS signal for component i is calculated numerically using Matlab
software beginning at the end of the accumulation, 7, and ending once all the gas has been swept into
the MS at time 7 + dz, where Jt is typically 2—3 minutes.

The molar flow rate of component i through the membrane is related to the total number of moles
of component i that permeated through the membrane as follows:

() = J; * T (5-13)

where J; = molar flow rate of component i through the membrane (mol s™).

The permeance can be calculated by dividing the molar flow rate by the membrane area measured
by SEM, Amembrane, and the pressure differential across the membrane, AP;. Accordingly, the final

expression used to calculate the permeance is given by:
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5.5.7 Error and Control Measurements

Although the feed gas mixture contained N>, due to a small leak rate of air into the system, it was not
possible to accurately determine the N, permeance through these membranes, so N» is omitted from the
analysis. The MS sensitivity to H» and He was 10-30 times lower than the sensitivities for CH4, CO,,
and SFs, which in some cases resulted in additional measurement error in the calculated H, and He
permeance values.

Control measurements were carried out to determine the gas permeance lower detection limit of
the measurement technique. The samples used for these measurements were nickel foils identical to the
nickel supports for the suspended graphene membranes, but with no laser drilled hole and no graphene.
For each of the five tested nickel foils with no hole, accumulation mode gas permeation measurements
were carried out under the same conditions used to test the suspended graphene membranes. The foils
were tested at temperatures of 25 °C and/or 200 °C, accumulation times of 1-3 days, and an equimolar
mixture of H», He, CH4, N2, CO», and SFg as the gas feed. As with the graphene membranes, the N» data
were discarded due to a small leak rate of air into the system.

Three of the five tested control samples resulted in no detectable signal of H,, He, CHa, CO», or
SFs. In the remaining two samples, small signals of CH4, CO,, and/or H, were observed, but no signal
of He or SFs was observed. These small CHs, CO,, and H» background signals may originate from a
leak of the feed gas through the module to the permeate side of the Ni foil, a leak into the module from
the air, and/or gas generation inside the module due to organic contaminants.

I calculated the “equivalent permeance” through a 5 um diameter circular graphene membrane that
would have given rise to the measured CH4, CO,, and H» background signals. These equivalent
permeance values are displayed in Supporting Information Figure 5-9A. The H, lower detection limit
was set at the highest H> equivalent permeance value observed in any control measurement, 9x107 mol
m2 s Pa’!. The lower detection limit for He, CHa, CO», and SF¢ was set conservatively at the highest

CO; equivalent permeance value observed in any control measurement, 2x10”7 mol m? s! Pa’!. Figure
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5-9B shows additional control measurements using a nickel support with an open hole and no graphene
membrane. These measurements revealed that the permeance of each gas through the support is on the
order of 102 mol m™ s'! Pa!, and therefore, transport through the support does not limit the permeance

through the graphene membranes.
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Figure 5-9. (A) Control measurements carried out on five Ni foils with no hole. The feed gas was the
same equimolar six-component mixture of H,, He, CH4, N, CO,, and SF¢ used for the membrane
measurements, and the tests were carried out using an identical procedure. No He or SF¢ signals were
detected in any tests, and the N> measurements were discarded. These data, which represent the
“equivalent permeance” through a 5 um diameter circular graphene membrane that would have given
rise to the measured CHy, CO», and H; signals, were used to calculate the gas permeance lower detection
limits as described above. (B) Control measurement with a Ni foil with an open hole. The high

permeance measured through the open support hole shows that the support did not limit the gas flux
through any of the tested membranes.

5.5.8 Ozone Exposure

Graphene membrane ozone exposure was carried out with a membrane mounted inside the module
described above. A pure O feed was flowed at 50 sccm through a corona discharge ozone generator
(Ozone Engineering LG-7) and onto the feed side of the membrane. The ozone generator power was
set to 40%, which resulted in a 6 mol% O3 concentration with the balance O, according to calibration

measurements carried out by the manufacturer.
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5.5.9 Oxygen Leak and Graphene Pore Formation

As shown in Figure 5-10A, upon introduction of the CHs4 feed, the O, concentration abruptly increased
to 4000 ppm and then gradually decayed, suggesting an air leak near the CH4 mass flow controller. The
oxygen concentration was measured by a trace oxygen analyzer (MTI Corporation) placed right at the
upstream of the CVD chamber. The total amount of the O, spike was 6.2 umol. Figure 5-10B shows
that the graphene membrane synthesized this way exhibited gas permeation results that are similar to
those of membranes A and A’ (Figure 5-3). In contrast, when the pipeline was sealed and the O, spike
was eliminated, the resulting graphene membrane showed no measurable permeance for all the gases

considered, similar to membrane D.
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Figure 5-10. (A) Oxygen molar concentration in front of the CVD chamber after the CH4 feed was
introduced when the CVD system leaked. (B, C) Gas permeances through two graphene membranes
fabricated with the O, leak.

5.6 Appendices

5.6.1 Evaluation of Permeation Coefficient o = o(w)

Definitions:

R, D, — Kinetic radius and kinetic diameter of a gas molecule. R, = 0.5D,,.
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Ry, Dy, — Pore radius and pore diameter. The atomic size of the rim atoms is taken into account. R, =
0.5Dp,.
6 — Angle of incidence.

w = Ry /Ry, = Dy, /Dy, — Size factor.

8 = Agpen/Apore = Aopen/(nRS) — Permeation coefficient.

As shown in Figure 5-11A, when approaching a circular pore with an angle of incidence 8 €
[0, /2], the gas molecule sees an ellipse instead of a circle. In the view of an incident gas molecule,

the ellipse has a semi-major axis length of R, and a semi-minor axis length of R, cos 6 (Figure 5-11B).

Because the gas molecule has a radius of R, any point whose distance to the ellipse perimeter is less
than R,, is inaccessible for permeation (assuming a hard-sphere interaction). The remaining area (filled
in blue) is encompassed by an ellipse parallel curve (EPC). Define the remaining area as Agpc, which
should be transformed back to the perpendicular view by multiplying by (cos8)~! to obtain the
accessible open area on the graphene basal plane.

According to the Maxwell-Boltzmann distribution of an ideal gas, the direction of the gas velocity
is uniformly distributed for any solid angle (). Notice that the incident gas molecules can only inject
from above the graphene basal plane. Therefore, the differential form of the angular distribution of the

solid angle (1 is as follows:
dFo(Q) = ! dQ (5-15)
@ C2m

where F is the cumulative distribution function.
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Figure 5-11. Scheme of the steric selectivity mechanism. (A) When approaching a circular pore with
an injection angle 6, the gas molecule (red circle) sees an ellipse. (B) The size of the gas molecule
reduces the accessible area for permeation (the remaining areas are filled in blue). In the view of gas
injection, the accessible area is encompassed by an ellipse parallel curve. (C) Three cases of the ellipse
parallel curve at different conditions.

In a spherical coordinate system, a direction is described by the polar angle 8 (equivalent to the

angle of incidence) and the azimuthal angle ¢. Note that dQ = sin 8 dfd¢. Therefore, the distribution

of the angle of incidence 6 can be expressed as follows:

2
1
dFg(0) = J %sine dfde = sin6 do (5-16)
0

However, the rate of incidence also depends on the velocity normal to the graphene plane v, =
v cos 0. In other words, the gas molecules with low angles of incidence have an advantage in terms of
their injection velocities.

As a result, the probability density function f of the angle of incidence 8 onto a two-dimensional

area is proportional to sin 6 cos 6. After normalization, it follows:
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f(@) =2sin6 cos b (5-17)
Each angle of incidence 8 corresponds to an ellipse of different shape, and therefore, the remaining
area Agpc is a function of 6. Integrating over the entire angle of incidence range, 6 € [0, /2], one

obtains the effective open area Agpen:

Vs
2z 1
A = 0)Appc(0) ——db 5-18
open fo f( ) EPC( )COSQ ( )

The area surrounded by the EPC can be evaluated numerically, since there is no analytical solution.

The parallel curve for inward offset Ry, of an ellipse with semi-axis lengths Ry, and R, cos 6 is given

by the following parametric equations:

,
/ R,cos6 - Ry, \

x(t)=| Rp— cost
\ \/Rg sin? t + R} cos? 6 cos? t/
{ (5-19)

R, R
y(t) =| Rpcosb — S sint

\/RS sin?t + R} cos? 6 cos? t

Note that w = Ry, /Ry, and Equation (5-19) can be simplified as follows:

w cos 6
V1 —sin? 0 cos?t

w
t)=R (cos@— )sint
y(®) P V1 —sin2 @ cos? t

x(t) =Ry (1 ) cost

(5-20)

As shown in Figure 5-11C, the shape of EPC depends on the angle of incidence 8, and can be
categorized into three situations. Firstly, when the gas molecule sphere (red circle) is tangential to the
ellipse (black dashed line) at the vertex point, the EPC is a first-order continuous curve (left panel in

Figure 5-11C). This tangency condition is satisfied when the gas kinetic radius Ry, is less than or equal

to the radius of curvature at the vertex point of the ellipse R, = (Rp cos 9)2 / Ry, =R, cos? 6 (or

equivalently, cos @ > w/?). In this case, one can integrate the EPC parameter ¢ from 7/2 to 0 to obtain

a quarter of the Agpc. Therefore, Agpc can be expressed as follows:

0
yeodx = 4 [ y(Ox @de (5-21)

2

Rp—Rm

Agpc(0) = 4]
0

where x'(t) is the first derivative of x with respect to the parameter ¢, and is expressed as follows:
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wsintcos®
— sin2 @ cos?t)3/2

x'(t) =Ry [(1 — sin t] (5-22)

Secondly, when the gas kinetic radius Ry, is greater than the radius of curvature at the vertex point

R, =Ry cos? 6, and is less than the semi-minor axis length of the ellipse Ry, cos 6 (or equivalently, w <

1
cos 8 < wz), the EPC is first-order discontinuous at endpoint P (middle panel in Figure 5-11C). At

point P, y(t) =0 but t # 0. This gives the threshold ¢ value at point P expressed as tp =

- 1 . :
cos™! \/ pr—y (1 - Co:; 9)' One can integrate the EPC parameter ¢ from m/2 to # to obtain a quarter of

the Agpc. Therefore, Agpc can be expressed as follows:

tp

Appc(8) = 4 L Y(Ox (D)t (5-23)

Lastly, when the gas kinetic radius Ry, is greater than the semi-minor axis length of the ellipse
Ry, cos 6 (or equivalently, cos 6 < w), the gas molecule cannot permeate through the pore because the
ellipse is too narrow.

Combining Equations (5-18)—(5-23), one can evaluate the open area Agpen, by numerical

integration using Matlab according to following equation:

cos 1w 0
Aopen = 8f do sinHL y(®)x'(t)dt
0 —
2
(5-24)

_1W

cos tp
+ 8f dé sin Hf y(®)x'(t)dt
cos~1yw g

A factor of Rg can be factored out from Agpen, 50 that § = Agpen/ (ﬂRg) is only a function of w.

One way to simplify Equation (5-24) is to approximate the area surrounded by the ellipse parallel
curve (EPC) Agpc as an ellipse as well. This smaller ellipse has a semi-major axis length of R, — Ry,
and a semi-minor axis length of (Rp cosf — Rm). The gas kinetic radius R, should be greater than
Ry, cos 6 to allow possible permeation (or equivalently, cos 6 = w). Therefore, the open area Agpey can

be expressed as follows:

-1

Cos w
Aopen = f m(Rp — R )(Rp cos 6 — Ry, ) tan 6 d6 (5-25)
0
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An expression to approximate the permeation coefficient § (Equation (5-3)) can then be derived

as follows:

-1

Aopen Aopen cos w . 3
5~ =22 = 2(1 —w)(cos@ —w)sin6df = (1 —w) (5-26)
Apore ”Rp 0

As shown in Figure 5-12, (1 —w)3 provides a good approximation compared to the exact
function §(w). However, the intuitive function §(w) =~ (1 — w)? derived by neglecting the effect of

the angle of incidence has a large error.
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Figure 5-12. (A) Permeation coefficient J as a function of the size factor w using the steric selectivity
mechanism, its approximation d(w) = (1-w)* (Equation (5-3)) and the d(w) = (1-w)? approximation. (B)
Absolute error between d(w) = (1-w)® and the exact steric selectivity mechanism. The maximum
absolute error is 2.2%.
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5.6.2 Internal Threshold of H2 Signal
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Figure 5-13. Mass spectrometer raw data collected after completing an accumulation-mode gas
permeation measurement through membrane A. The mass spectrometer exhibited an internal threshold
of H» signal of ~600 counts. This caused a large portion or even all of the H» signal to be truncated, and
led to a large error.
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6 Direct Chemical Vapor Deposition Synthesis of Porous
Single-Layer Graphene Membranes with High Gas

Permeances and Selectivities

6.1 Introduction

Membrane separation technology has attracted considerable interest due to its much lower energy
consumption compared with thermal-based separation methods such as distillation.!*** To enhance the
competitiveness of membrane separation processes, membranes exhibiting both high permeance and
selectivity are in high demand. Compared with conventional membrane materials, porous single-layer
graphene can yield orders of magnitude higher gas permeances because of its atomic thickness and low
cross-membrane transport resistance.?>**> A high gas permeance reduces the membrane area required
in a separation module to attain a certain gas flow rate target. To realize the enormous potential of
porous graphene for gas separation, the areal pore density in graphene should be considerably high. In
Chapter 2, using molecular dynamics simulations and transition state theory, I predicted that the pore
density needs to exceed 10! m™ for a graphene membrane to surpass the Robeson upper bound for
polymers.!! Further, to yield a high selectivity, the pore sizes in the graphene membrane should be
precisely controlled such that they are commensurate with the gas molecular sizes. In fact, the pore
sizes in porous graphene are typically widely distributed and fitted by a lognormal distribution, where

a small fraction of larger pores determine the total gas permeance,'!>118.121.131

As aresult, an even higher
pore density is needed for porous graphene to achieve a high gas permeance with enough
competitiveness.

Etching away atoms from pristine graphene has been the most widely applied strategy to increase
the pore density in a graphene membrane. High-energy ion or electron bombardment was used to
perforate graphene in some early studies.!'!'3!!> Later, chemical oxidative etching was developed as a
more scalable graphene perforation method.!%!'%!1¢ For example, He et al. used O, plasma to perforate

as-synthesized graphene from chemical vapor deposition (CVD) and measured a H»/CHy selectivity >
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15."8 Zhao et al. exposed pristine graphene to O, plasma for a short pore nucleation burst, and then to
mild O3 etching for controllable pore expansion, in order to partially decouple the pore nucleation and
growth and to obtain a narrow pore size distribution.'?? However, despite the efforts made to decouple
the pore nucleation and growth, the correlation between them still exists for those etching-based
methods. Because the nucleation and growth of the pores are both triggered by etching (e.g., O, plasma),
one needs to raise the energy intensity of the etching reaction to increase the pore density, which in turn
generates larger, less selective pores. This trade-off between the pore density and the selectivity remains
a major challenge for graphene membranes.

A promising way to tackle this challenge is to control the formation of intrinsic vacancies in
graphene during its CVD synthesis. According to the theoretical study by Wang et al., the formation of
the intrinsic vacancies during CVD is triggered by the random insertion of catalytic metal atoms into
the front-most graphene edge during growth,'*® which is decoupled from oxidative etching. Therefore,
the density of these intrinsic vacancies can be significantly increased without sacrificing their gas
selectivity, as long as the density is not too high to induce defect coalescence. Several reported studies
have investigated the gas separation performances of these intrinsic vacancies, including the one
reported in Chapter 5.!26:120.128.130 However, the precise control over the density and the sizes of the
intrinsic vacancies has not been realized, resulting in unsatisfactory permeances and selectivities.

In this chapter, for the first time, I systematically investigate the formation mechanism of the
nanopores that are intrinsically formed during CVD, and systematically control the density of the
intrinsic nanopores by tuning the CVD synthesis conditions. This can be done without significantly
increasing the sizes of the nanopores themselves. This is important because it allows graphene
membranes to present higher gas fluxes while maintaining high selectivities. Further, I demonstrate that
the sizes of these intrinsic vacancies can be effectively modulated by manipulating the hydrocarbon
adsorbates that partially block the vacancies. Using the strategies above, I reproducibly fabricated
single-layer graphene membranes exhibiting high densities of intrinsic gas-sieving vacancies that
exhibit record-high H,/CH4 separation performances to date: Ho/CHs selectivity > 2000 while H,

permeance > 4000 GPU, or Ho/CHj selectivity > 100 while H» permeance > 10* GPU.
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6.2 Formation of Intrinsic Graphene Pores

Porous single-layer graphene was synthesized by one-step CVD using Cu as the catalyst and CHy4 as the
precursor (see Section 6.7.1 for details).>*¢ Figure 6-1a shows the positive correlation between the CHy
partial pressure P(CH4) during graphene growth and the D to G peak intensity ratio (/p//g) of graphene
measured by Raman spectroscopy. Corresponding Raman spectra are presented in Figure 6-1b.
According to the amorphization trajectory of graphene, In//s is a non-monotonic function of the areal
defect density p — it reaches a maximum when the average defect distance Lp (= p %) is ~3 nm.?¥%33
The high 2D peaks shown in Figure 6-1b indicate that the defects are sparse (Lp > 3 nm).?** In this range,

In/lg is approximately proportional to the defect density p.>?

This positive correlation between P(CHy)
and p can be explained by the mechanism proposed by Wang et al. as follows.!3® After a defect forms
at the front-most graphene edge during growth, it can be healed before the front-most edge extends and
moves past it. Otherwise, the defect gets “frozen” inside the lattice and cannot be healed.?*” As a result,
when P(CHa4) is high, the graphene growth is fast, leading to less time for the defects to be healed and
subsequently, to a high defect density.>*%2>

Figure 6-1c¢ demonstrates the effect of CVD temperature on the density of the intrinsic defects,
where Ip/lc is larger for graphene grown at 800 °C (blue) than for that grown at 900 °C (orange).
According to ab initio calculations, the defect formation energy at the front-most graphene edge is 1.3

eV, while the energy barrier associated with defect healing is 1.86 eV.!*®

Therefore, although a lower
CVD temperature reduces the probability of defect formation, it reduces the probability of defect

healing to a greater extent, resulting in a higher defect density. Similar temperature dependence was

observed by Kidambi ef al.*>! and Khan et al.,'*® but its mechanism has not been unveiled.
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Figure 6-1. (a) D to G peak intensity ratio (Ip/Ig) of CVD graphene’s Raman spectrum as a function of
CHjy partial pressure during CVD at 900 °C. (b) Raman spectra of CVD graphene samples grown with
various CHj partial pressures at 900 °C. (c) In/lc (left y axis) and 2D to G peak intensity ratio (/2p//c,
right y axis) of CVD graphene as functions of position in the CVD heating zone along the CVD tube
axis. Position = 0 stands for the center of the heating zone. (d) Raman spectra of CVD graphene samples
grown at 800 °C at different positions. The CH4 partial pressure is 0.018 Torr for ¢) and d). The Raman
excitation wavelength is 532 nm.

Figure 6-1c also presents the effect of a typically hidden CVD parameter — the position inside the
heating zone. Ideally, the defect density should be nearly independent of the position. However, as will
be discussed later, the density and sizes of the intrinsic graphene defects are spatially heterogeneous on
the same Cu substrate, which can be exploited to improve the gas separation performance of the
graphene membranes. Under the same growth condition, the defect density monotonically increases as
the sample moves upstream. For example, In/Ig of CVD graphene grown at 900 °C (orange) increases
as the position along CVD tube axis moves upstream from —0.8 to 1.6 cm relative to the heating zone

center. The defect density of the graphene sample grown at 900 °C is low (Figure 6-5 in Appendix

6.8.1), and therefore, is positively correlated with /n/lg, according to the amorphization trajectory of
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graphene when Lp > 3 nm. In contrast, In/Ig of CVD graphene grown at 800 °C (blue) first increases
and then decreases while moving upstream. This is because Lp reaches the maximum point of the
amorphization trajectory at ~3 nm. The monotonically decreasing /»p//g moving upstream (green curve
in Figure 6-1c, Figure 6-1d) indicates that the defect density increases.”? This consistent spatial
heterogeneity in defect density indicates the existence of a spatially variable parameter along the CVD
tube axis. Possible parameters include H» concentration, CH4 concentration, temperature, or other
impurities. I rule out H, or CH4 because their flow rates were at least three orders of magnitude higher
than the rate of graphene deposition (Appendix 6.8.2). Therefore, it is unlikely that either H> or CHy
had a considerable concentration gradient. Further, the variation in temperature can be ruled out as a
possible reason. The temperature variation inside the CVD tube was < 1 K near the heating zone center.
This variation is not only too small compared with the CVD temperature of > 1000 K, but is also
symmetric with respect to the heating zone center (not monotonic).

Based on the discussion above, all the possibilities can be narrowed down to the gradient of an
impurity component. | hypothesize that O, from an air leak was the reason. O, is known to significantly
affect the CVD growth of graphene.?®>** For a CVD system operated under vacuum, an air leak is
difficult to be eliminated completely, and O, is the only major reactive component in air. In order to
identify the source of the air leak (upstream or downstream), the air leak was artificially increased by
using a pair of leakier O-rings to seal the connection between the CVD quartz tube and the metal flange.
The increased air leak led to a decrease in defect density (Figure 6-6 in Appendix 6.8.1). This result 1)
confirmed the effect of O on the graphene pore density, and ii) confirmed that the correlation between
the O concentration and the pore density is negative. Note that in this work, O, does not cause defect
nucleation. Instead, O; inhibits defect nucleation by reducing the graphene growth rate, because O, can
react with graphene edges or active carbon species on the catalytic substrate.** Because the pore density
was found to monotonically increase from downstream to upstream, the O concentration should
monotonically decrease from downstream to upstream, which indicates a major air leak source from the
downstream pipeline. Interestingly, it was found that normal CVD graphene growth could not occur
when the gas ballast of the vacuum pump used to evacuate the CVD chamber was open. The gas ballast
allowed air into the pump in order to remove condensed vapor (like water) in the pump oil. This
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indicates that air entering the vacuum pump can find its way diffusing backwards to affect CVD-grown
graphene. A trace oxygen analyzer was used to quantify the O, concentration in the reactor, and it was
found that the majority of the O, leakage was in fact contributed by the vacuum pump (Appendix 6.8.2).
This finding is important because the unnoticed difference in air leak conditions among laboratories
might have caused the low reproducibility of graphene CVD synthesis.

An alternative hypothesis of the intrinsic defects is that they are solely formed at grain boundaries
due to imperfect merging. This hypothesis can be ruled out because consistent /p/Ig > 0 can be observed
inside a single graphene crystal (Figure 6-7 in Appendix 6.8.1). Furthermore, the graphene defects are
mainly vacancies instead of sp*-like defects or boundary defects because the D to D’ peak intensity ratio
(Ip/Iy) of the CVD graphene is 8.2+0.2 (Figure 6-8 in Appendix 6.8.1), consistent with the study by
Eckmann et al. (In/I» ~7 for vacancies, ~3.5 for boundary defects, and ~13 for sp-like defects).?
Therefore, in this chapter, “pore”, “defect”, and “vacancy” are used interchangeably. Note that in the
literature, Raman spectroscopy measurements have been shown to be reliable for predicting the pore

density in graphene and to be consistent with high-resolution microscopy imaging.!!12!

6.3 Gas Separation Performances

After synthesizing a continuous single-layer graphene film with intrinsic defects on Cu, I transferred
the graphene onto a Ni disk with a 100x100 array of 4.2+0.3-pm-diameter holes (Figure 6-2a, b). In
order to prevent graphene rupture due to its macroscopic fragility, a porous carbon scaffold was utilized
as the mechanical support, which was synthesized by the carbonization of phase-separated
poly(styrene)-poly(4-vinylpyridine) (PS-P4VP) + turanose for the graphene layer (see Section 6.7.2 for
details).'?**° The porous carbon scaffold ensures that the graphene membrane remains intact on the
hole-array (Figure 6-2c). The enhanced graphene membrane remained intact after several weeks’ testing.
Furthermore, its gas permeances remained nearly the same after two month’s storage in a petri dish.
Furthermore, the carbon scaffold is highly permeable (Table 6-1 in Appendix 6.8.3), such that the gas
permeance through the porous carbon/graphene composite membrane is dominated by the graphene
layer (Figure 6-2d).'**!?? The thickness of the porous carbon scaffold is ~200 nm (Figure 6-14 in

Appendix 6.8.6).
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Figure 6-2. (a) Schematic of the final membrane (not to scale). (b, ¢) Scanning electron microscopy
(SEM) images of a single-layer graphene membrane supported by a porous carbon scaffold on a
100%100 hole-array, using accelerating voltages of (b) 7 kV and (c) 2 kV, respectively. (b) shows a
zoomed-in image and (c) shows that the membrane is intact. (d) SEM image of a top view of the edge
of the porous carbon scaffold.

After graphene synthesis and membrane transfer, the graphene membranes suspended over the
hole-array were tested for their H,, He, CH4, and SFs permeances using a mass spectrometer. Because
the mass spectrometer is not sensitive to H», the H, permeance data of some membranes exhibit high
uncertainty (Figure 6-17¢ in Appendix 6.8.6). As a solution, He was used as the representative for small
gas molecules (kinetic diameter Dy, = 0.26 nm),® because i) its signal was higher and more stable, ii)
the Ho/He selectivity was ~ 1.4 for all the membranes investigated, close to the Knudsen selectivity for
effusion-type gas transport (Table 6-1 in Appendix 6.8.3), and iii) He/CHj4 separation is essential for

helium recovery from natural gas.>’-*’ Because graphene adhered to the Ni support could not contribute

any gas flow,’! in this chapter, gas permeances were calculated based on the area of the laser-drilled
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holes (see Figure 6-12 in Appendix 6.8.5 for permeances calculated based on the total area of the Ni
support).

Figure 6-3a, b show the He/CH4 and He/SF separation performances of the graphene membranes.
Datapoints of the same color represent the same membrane measured under different conditions,
including temperature, surface decoration, and air exposure. The graphene membranes were classified
into four color families, red, orange, green, and blue, corresponding to four different CVD parameter
sets. Comparing the blue family (900 °C, P(CHs) = 0.19 Torr) to the green family (1000 °C, P(CH4) =
0.19 Torr), or the red family (800 °C, P(CH4) = 0.018 Torr) to the orange family (900 °C, P(CH4) =
0.018 Torr), it is observed that a lower CVD temperature yields higher He permeances because of the
higher defect density (Figure 6-1c). Further, a lower CVD temperature does not lead to a significant
decrease in selectivity. The effect of P(CH4) is different. Compared to the orange family (P(CH4) =
0.018 Torr, 900 °C), the blue family (P(CHs) = 0.19 Torr, 900 °C) exhibits higher He permeances but
also lower selectivities. The observed selectivity decrease for high P(CHs) can be attributed to the
coalescence of overly dense intrinsic defects into larger ones, thereby reducing the gas selectivity. In
Figure 6-3a, several top-left datapoints with long dashed error bar upwards indicate the lower bound of
He/CHy selectivities, because their CH,4 signals were below the detection limit (Appendix 6.8.6).

The position of graphene inside the CVD heating zone also plays a major role. Within each color
family, datapoints of deeper color represent a membrane sample closer to the upstream (legend in Figure
6-3a, b; also see Figure 6-9 in Appendix 6.8.3 for individual subplots for each color family). For
example, in the orange family in Figure 6-3a, b, the membrane position moves upstream from the light
yellow to the orange, and then to the brown circles. Generally, the upstream membranes exhibit higher
selectivities compared to the downstream ones while exhibiting similar He permeances, making moving
a graphene sample upstream in the CVD heating zone a simple and reliable strategy to improve its
membrane performance. This trend suggests that the upstream membranes have smaller pore sizes as
well as higher pore densities (consistent with Figure 6-1c¢). This further strengthens the hypothesis that
the spatial heterogeneity in pore density and pore size was caused by the gradient of O, concentration.

224,254.258 The monotonic decrease of O

Note that O; serves as an etchant that expands graphene pores.
concentration from downstream to upstream was consistent with the pore size decrease in the same
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direction. Note that O; has a dual effect on the intrinsic graphene pores. On the one hand, O inhibits
the nucleation of the intrinsic pores. On the other hand, O, expands the pores that survive the defect
healing process. Therefore, a low O concentration is beneficial for both gas permeance and selectivity.
After a graphene pore is nucleated at the front-most edge, its growth could occur during one or more
stages of the graphene CVD process, as hypothesized below. i) The pore could be expanded by O, at
CVD temperature while it is still at the front-most edge during graphene growth. ii) The pore could be
expanded by O, at CVD temperature when it is inside a graphene crystal after the front-most edge has
moved along. iii) The pore could be expanded by O» during the cooling period after the graphene growth
(when CH,4 feed has been stopped). Hypothesis iii) is not likely because the graphene membrane remains
highly permeable even though a rapid cooling strategy has been applied, where the Cu substrate was
shifted out from the heating zone and quickly cooled to room temperature by a fan, reducing the cooling
period to a minimum. Hypothesis ii) can also be ruled out because the gas separation properties of the
graphene membranes are very similar before and after reducing the graphene growth period from 3 to
1 h (membrane ID = 10 vs. 17 in Table 6-1 in Appendix 6.8.3). Therefore, the O»-induced pore growth
most likely occurs when the pore is still chemically active at the front-most graphene edge, while it is
still decoupled from pore nucleation triggered by Cu insertion. Note that membrane ID = 17 was
synthesized one month later than membrane ID = 10. This consistency indicates that my fabrication

method of porous graphene was robust enough to withstand random external fluctuations.
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Figure 6-3. (a) He/CHs selectivities and He permeances of graphene membranes. Datapoints of the same
color represent the same membrane under different conditions (temperature, surface decoration, etc.).
Top-left datapoints with long dashed error bar upwards indicate the lower bound of He/CH4 selectivities,
because CH4 signals were below the detection limit. Dashed grey curves indicate the theoretically
predicted selectivity-permeance trade-off curves for various pore densities (iso-pore-density trade-off
curves). Right y axis presents the theoretically predicted average effective pore diameter that
corresponds to the left y axis. (b) He/SFs selectivities and He permeances of graphene membranes.
Other details are the same as in (a). (c, d) He/CHy4 separation performance history of two graphene
membranes, tested at different temperatures and surface decoration states. The numbers below the
datapoints represent the testing sequence. 1-AP indicates 1-aminopyrene.

6.4 Iso-Pore-Density Trade-off Curves

After evaluating the effects of the CVD parameters (temperature, CHs partial pressure, and sample
position), in this section, I examine how the gas separation property of the same graphene membrane
depends on the condition of permeation measurement. The effects of measurement temperature (not
CVD temperature) and surface decoration are illustrated in Figure 6-3c, d, where the selectivity-
permeance trade-off of two individual graphene membranes are presented. Figure 6-3¢ corresponds to
the deep blue datapoints in Figure 6-3a, and Figure 6-3d corresponds to the red datapoints. The numbers

below the datapoints represent the testing sequence. Regarding Figure 6-3c, d, the following
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observations can be made. First, a higher measurement temperature yields a lower selectivity and a
higher gas permeance, and the change is reversible. This is a phenomenon observed for various types
of membranes.!?3*118259 A plausible explanation is that the gas permeation is activated, and the energy

barrier of pore crossing is positive,’!

which seems reasonable for high-selectivity membranes. For
example, the apparent energy barriers (derived by direct fitting to the Arrhenius equation) of He and
CH, through membrane ID = 6 (Table 6-1 in Appendix 6.8.3) are 9.4 and 26.5 kJ mol !, respectively.
However, this temperature effect persists for membranes with low selectivity (He/CH4 selectivity < 4,
He/SFs selectivity < 20, see membrane ID = 7, 8 in Table 6-1 in Appendix 6.8.3). For example, the
apparent energy barriers of He, CHs and SFs through membrane ID = 7 are 1.7, 2.4, and 1.6 kJ mol ™",
respectively. If the He transport is activated through this membrane, its pore diameters should be
commensurate with the kinetic diameter D, of He (0.26 nm). In this case, its energy barrier for CHa4
(Dm = 0.38 nm) and SF¢ (Dm = 0.55 nm) should be extremely high instead of being only ~2 kJ mol™!
(0.8 ksT at room temperature), and its He/CH4 and He/SFs selectivities should be much higher than
those measured experimentally. To resolve this inconsistency, I hypothesize that under experimental
conditions, graphene pores are partially blocked by airborne hydrocarbon contaminants adsorbed on
graphene surfaces. As the temperature increases, the contaminants partially desorb, alleviating the pore
blockage and effectively expanding the pore size. In Section 4.4, I fit the theory of gas permeation

through graphene nanopores to the data reported in the literature, !18-122:128.130

and show that the graphene
pores have to effectively expand as a function of temperature to obtain a reasonable fitting. Further,
Zhao et al. showed that annealing the graphene membrane at high temperature alleviates the
contamination and increases the gas permeance.'?? It has also been observed that the adsorption of
airborne hydrocarbons on graphitic surfaces renders them more hydrophobic during water contact angle
measurements.?!%?!7 This contamination hypothesis also explains the observed shift from datapoint 1 to
2 in Figure 6-3c resulting solely from exposing the membrane to air. The adsorption of lighter molecules
such as water cannot account for the observed temperature dependence because they cannot remain
adsorbed on the graphene surface at an elevated temperature > 100 °C.

The second observation from Figure 6-3c, d is that the non-covalent decoration of 1-aminopyrene

(1-AP) on the graphene membranes leads to increased selectivity and reduced He permeance (hollowed
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squares vs. solid circles). 1-AP can strongly bind to the graphene surface due to strong n-n stacking,
thereby enhancing pore blockage and effectively reducing the pore sizes. The effect of 1-pyrenebutyric
acid (1-PBA) is almost identical to that of 1-AP, suggesting that pyrene plays the major role (membrane
ID =1 vs. 2 in Table 6-1 in Appendix 6.8.3). Furthermore, the temperature dependences of the
selectivity and the permeance in Figure 6-3c, d are very similar before and after the 1-AP decoration.
This strongly suggests that the undecorated graphene surface has already been covered by some pore-
blocking adsorbates, which play a similar role as those of 1-AP or 1-PBA, albeit weaker in terms of
pore blockage.

Based on the analysis above, the selectivity-permeance trade-off curves observed in Figure 6-3c,
d can be attributed to the effective pore size change, which is induced by the status change of the pore-
blocking contaminants, or the ‘“nanoscale fouling”. Graphene membranes are susceptible to this
nanoscale fouling effect because the gas transport resistance through graphene nanopores is dominated
by the entrance/exit resistance at the surface. Assuming that the pore density of a graphene membrane
remains constant during its testing history, hereafter, the selectivity-permeance trade-off curves are
referred to as “iso-pore-density trade-off curves”, where moving along the curves reflects the changes
in the effective pore size. Manipulating the nanoscale fouling effect by temperature change or surface
decoration could be utilized as a routine method for examining membranes made by two-dimensional
materials.

These iso-pore-density trade-off curves can also be observed for other graphene membranes, as
shown in Figure 6-3a, b. Generally, at a higher selectivity, there are sharper changes in selectivity with
small changes in permeance, indicating that smaller pores are more sensitive to the nanoscale fouling.
To explain this trend, I carry out theoretical investigation as follows. According to the gas permeation
mechanism through perfectly clean porous graphene discussed in Chapter 3, direct impingement from
bulk gas, surface diffusion, and cross-pore translocation all affect the gas permeance. However, the
nanoscale fouling hypothesis motivates me to consider solely the direct impingement permeance, the
contribution that is not affected by the condition of the graphene surface. Therefore, the permeance of
gas i through a graphene membrane can be predicted as follows, assuming uniform pore sizes (Section
3.4):
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where p is the areal pore density, Dy, is the effective pore diameter (after partial blockage by nanoscale
fouling), m; is the molecular weight of gas i, Dn; is the kinetic diameter of gas i, ks is the Boltzmann
constant, and 7 is the measurement temperature in degrees Kelvin. The graphene pores are assumed to
be circular because the most probable pore isomers generated in the graphene lattice are nearly
circular.®® The (1 — Dy, ;/ Dp)ai term in Equation (6-1) describes the steric rejection effect due to the
collision between gas i and the pore edges, and o; is a gas i-dependent parameter which equals 3 if all
gas-graphene interactions, other than collisions, can be neglected (Section 3.4). According to Equation
(6-1), the slope of the iso-pore-density trade-off curve (Figure 6-3c, d) can be expressed as follows (see

Appendix 6.8.3 for derivation):

—Slope = - _m (6-2)

where i = 1 and 2 denote the more and the less permeable gas species, respectively. As shown in
Equation (6-2), the slope of the iso-pore-density trade-off curve significantly increases (in absolute
value) in a nonlinear manner as D, approaches the kinetic diameter of the larger gas Dm>. This
nonlinearity is also displayed by the right y axes in Figure 6-3a, b, where the predicted average effective
pore diameter corresponding to the left y axes is plotted. As the average D, approaches 0.38 nm or 0.55
nm (D, of CHy and SFg, respectively), the He/CH4 or He/SFs selectivity significantly increases. In fact,
the iso-pore-density trade-off curves predicted with a; = 3 for every i fit the experimental results in
Figure 6-3a, b reasonably well, confirming the applicability of Equation (6-1) (Figure 6-10 in Appendix
6.8.3).

To further improve the fitting, a; values of He, CHa, and SF¢ can be treated as unknowns. It is also
assumed that the pore diameters in the graphene membranes follow lognormal distributions, which are
widely observed in graphene nanopore ensembles.!!®!3! Based on the assumptions above, 1 attempted
to fit the theoretical model to the experimental gas permeance data (see Appendix 6.8.3 for details). The

fitting predicts that the effective graphene pore diameter shrinks by (9+3)% from 150 to 100 °C and
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shrinks by (23+6)% from 150 to 20 °C (see Table 6-2 in Appendix 6.8.3 for details). The fitting also
predicts that a equals 2.0, 2.8, and 3.2 for He, CH4, and SFg, respectively. Theoretically predicted iso-
pore-density trade-off curves using these o values are plotted as the dashed curves in Figure 6-3a, b,
where each curve corresponds to a certain pore density p (or Lp). The predicted iso-pore-density trade-
off curves successfully reproduce the selectivity-permeance trade-off observed in Figure 6-3a, b. Note
that the pore density estimated according to the iso-pore-density trade-off curves is typically lower than
that estimated by /p/ls. For example, for membrane ID = 6 (Table 6-1 in Appendix 6.8.3), Lp ~ 45 nm
according to the iso-pore-density trade-off curve (light brown dots in Figure 6-3a), larger than Lp = 17
nm predicted by /p/ls. This is because i) the porous carbon scaffold blocks some membrane area, and
ii) only a fraction of the pores contribute to gas permeation due to the pore size distribution.

I also attempted to analyze the effective pore size change of other datasets in the literature based
on the iso-pore-density trade-off curves. However, due to different laboratory environments and
different membrane fabrication processes, Equation (6-1) may not always be the best approximation.
For example, the contribution of surface diffusion flow to the gas permeance needs to be considered for

the graphene membranes in ref. 118, ref. 120, ref. 128, and ref. 130 (see Appendix 6.8.4).

6.5 Comparison with the Literature

Figure 6-4 presents a comparison of the H»/CH4 separation performances of my intrinsically defective
single-layer graphene membranes and other state-of-the-art membranes in the selectivity-permeance
Robeson plot (see Figure 6-13 in Appendix 6.8.5 for He/CH4 Robeson plot). Some of the highest-
performance graphene membranes in this chapter show H, permeance > 10* GPU (gas permeation unit,
1 GPU=3.35%10"""mol s m™ Pa') and Ho/CHj selectivity > 100, exceeding the Robeson upper bound
for 1-um thick polymer membranes and the performances of some other materials.!'*** Some highly
selective graphene membranes exhibit very low CH4 permeances at room temperature such that their
CHy signals are lower than the detection limit of the mass spectrometer, leading to extremely high
H,/CHy selectivities of at least 2000 (Appendix 6.8.6). Meanwhile, they still exhibit decent H»

permeances > 4000 GPU. If the iso-pore-density trade-off curves predicted in Figure 6-3 remains valid
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for these highly selective membranes, they can be regarded as nearly CHs-impermeable. In comparison,
the highest H»/CHy4 selectivity obtained from a single-layer graphene membrane in previous studies was
37.5 (with H, permeance ~7200 GPU), obtained by Huang et al.'** In general, the highest-performance
graphene membranes were synthesized under the following conditions: low CVD temperature (800 to
900 °C), P(CH4) = 0.018 Torr, and upstream position in the CVD heating zone. These conditions
contribute to the high membrane performance because i) the low CVD temperature generates more
pores, ii) the appropriate P(CH4) prevents pore coalescence, and iii) the upstream position increases the
pore density and reduces the pore sizes. Figure 6-4 demonstrates the advantage of single-layer graphene
membranes for gas separations due to their atomic thickness and negligible interior gas transport
resistance. This advantage is realized by effectively increasing the pore density while preserving small

pore sizes, which relies on the effective control over the intrinsic vacancy formation during graphene

CVD.
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Figure 6-4. Selectivity-permeance Robeson plot of Ho/CH,4 separation. Results of this chapter are plotted
as solid markers. Datapoints with long dashed error bar upwards indicate the lower bound of H./CH4
selectivities, because CH4 signals were below the detection limit. Performances of other state-of-the-art
membranes in the literature are plotted as hollowed markers, including graphene,!!6:120:122124 zeo]jte, 260
295 metal-organic frameworks (MOF),*62"! graphene oxide (GO),'’?"* carbon molecular sieves
(CMS),2327¢ silica,>*17277-282 and Robeson upper bound for polymers assuming 1 pum thickness.'!
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6.6 Conclusions

In summary, in this chapter, I demonstrate a strategy to synthesize single-layer graphene with a high
density of gas-sieving pores using one-step CVD. By generating intrinsic graphene pores during CVD,
I decoupled pore nucleation and growth. This makes it possible to overcome the challenging trade-off
between a high pore density and a high selectivity, which has been a key bottleneck for oxidative etching
methods. 1 gain deep insight into the formation mechanism of the intrinsic graphene pores and
substantially increased the pore density while maintaining precise pore sizes for gas separation. The
resulting graphene membranes exhibit record-high gas separation performances to date, reaching H-
»/CHy4 selectivity > 2000 while H, permeance > 4000 GPU, or H,/CHy selectivity > 100 while H,
permeance > 10* GPU. I also propose the nanoscale fouling effect, where the graphene pores are
partially blocked by hydrocarbon contaminants. This effect highlights the critical role of the adsorbed
molecules near the pore edge in gas permeation. Overall, the straightforward one-step CVD approach
represents an important advance towards the application of nanoporous graphene as high-performance
gas separation membranes. This chapter also sheds light on the controllable synthesis of highly porous
two-dimensional materials for other applications such as energy storage and conversion, catalysis, and
sensing. In the next chapter, [ will summarize the main results reported in this thesis, as well as discuss

future potential research directions.

6.7 Methods

6.7.1 Graphene Synthesis

Single-layer graphene was synthesized by CVD on a Cu foil (Sigma Aldrich, 99.98% purity, 25 pm
thick, 2.4 cmx1.6 cm in length and width) using CH4 (diluted in Hy) as the precursor. Prior to CVD, the
Cu foil was electropolished in an acidic electrolyte to reduce its surface roughness. The electrolyte was
prepared by mixing water (400 mL), ethanol (200 mL), isopropanol (40 mL), orthophosphoric acid (200

mL), and urea (4 g) followed by stirring. A voltage of 6.0 V was applied between the cathode (Cu foil
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to be electropolished) and the anode (Cu foil) for 90 s, while the cathode and the anode were placed 2—
3 cm apart. The electropolished Cu foil was rinsed with deionized water, ethanol, and isopropanol in
sequence, dried under air flow, and placed inside the quartz tube (1°° outer diameter) on a quartz boat
(see Figure 6-15 in Appendix 6.8.6 for a diagram of the CVD setup). A single-zone split tube furnace
was used (MTI Corp., OTF-1200X-S). A pair of Quick Clamp Hi-Vacuum Flanges (MTI Corp.), along
with a pair of high temperature silicone rubber O-rings (MTI Corp., QF-OR), were used to seal the
connections between the quartz tube and the metal flanges. After sealing all immobile metal fittings
using Torr Seal epoxy (K. J. Lesker), the minimum air leak rate was 5 mTorr L min~!. Before CVD
growth, the Cu foil was annealed at the growth temperature (800—-1000 °C) in 0.5 atm H; for 16 h while
the H, flow rate was 70 sccm. During a growth period of 3 h (except for membrane ID = 16-18, 1 h), a
certain flow rate of CHy (ranging from 0.1 sccm to 3.0 sccm, depending on the desired CH4 partial
pressure) was fed, while the H, flow rate was 10 sccm. The chamber pressure during CVD growth was
1.5 Torr. The CVD chamber was evacuated by an oil-sealed rotary vacuum pump (Edwards RV12,
ultimate pressure 1.5 mTorr, pumping speed 14.2 m® h'') with its gas ballast closed. The pump oil was
Edwards Ultragrade 19. A molecular sieve foreline trap (MDC Precision, 4.5’ body, NW25) was
connected to the vacuum pump to trap hydrocarbons and water. The CVD growth was terminated by
stopping the CH4 feed and shutting down the furnace. A trace oxygen analyzer (1-1000 ppm, EQ-
W1000-LD, MTI Corp.) was sometimes connected to the quartz tube to measure the concentration of
O.. The trace oxygen analyzer must be detached from the reactor during the CVD growth of graphene

because the organic electrolyte in the analyzer would interfere with the CVD process.

6.7.2 Graphene Membrane Fabrication

The as-synthesized graphene/Cu sample was spin-coated (500 rpm, 1 min) with a solution of PS-P4VP
(0.1 g Polymer Source, My(PS) = 11800 g mol™!, M,(P4VP) = 12300 g mol™!, M,/M, = 1.08) and
turanose (0.2 g; Sigma Aldrich, > 98% purity) in N,N-dimethylmethanamide (2 g). The solution was
heated at 150 °C for 16 h before use. The spin-coated graphene/Cu was then pyrolyzed at 460 °C in an
Ha/Ar atmosphere for 1.5 h, forming the porous carbon scaffold (PCS) adhering to graphene. Flat Cu

surface is recommended during spin-coating. Otherwise, the thickness of the PCS would be uneven,
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causing the PCS to fracture. The PCS/graphene/Cu was cut into ~0.8 cmx~0.8 cm pieces, and the Cu
foil of each piece was etched away by an aqueous solution of Na,S,0s (Transene Co.) for 2 h. After
being rinsed twice with deionized water, the PCS/graphene composite was transferred by scooping onto
a 100-um-thick Ni disk with an array of 100x100 laser-drilled 4.2+0.3-pum-diameter holes with a 30 pm
pitch (Oxford Lasers). For some membranes, 50-pum-thick W disks with an array of 20x20 laser-drilled
holes were used. The membrane was dried at room temperature overnight. The following human errors
should be avoided during transfer: i) a bent metal support caused PCS/membrane to fracture, ii)
surfactants caused the PCS/graphene composite to collapse, and iii) stacking multiple layers of
PCS/graphene caused the membrane to crumple. The survival rate of the graphene membranes was
22/24=91.7% if no human error occurred. The two failed membranes simultaneously fractured because
their PCS layers were too thin. Non-covalent decoration of the graphene surface was carried out by
submerging a graphene membrane into a 2 mmol L™ solution of 1-aminopyrene (97%, Sigma Aldrich)
or 1-pyrenebutyric acid (97%, Sigma Aldrich) in ethanol. Subsequently, the graphene membrane was

dried in the air for at least 30 min before gas permeation testing.

6.7.3 Gas Permeation Testing

The Ni disk carrying the graphene membrane was mounted into a homemade permeation module
(Figure 6-16 in Appendix 6.8.6). A gas mixture containing H», He, CH4, and SF¢ was fed towards the
membrane. The pressure difference for gas permeation was 1.0 bar. Permeated gases were swept by an
Ar flow into a mass spectrometer (Agilent 5977A with Diablo S000A real time gas analyzer). The
permeances of the gases and their confidence intervals were calculated based on the mass spectroscopy
signals collected in a five-minute duration after steady state was reached (Appendix 6.8.6). The gas
permeance from a pure feed was also measured, and was almost identical to that from a mixture feed

(Figure 6-18 in Appendix 6.8.6).

6.7.4 Membrane Characterization

Graphene membranes were imaged using a Zeiss Sigma 300 VP SEM operated at an accelerating

voltage of 0.5-10 kV. Raman spectra of graphene samples were collected using a Horiba LabRAM
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micro-Raman spectrometer with a 532 nm excitation laser wavelength, 1800 grooves/mm grating, and
50x objective. For Raman spectroscopy measurements, graphene samples were transferred onto a Si
wafer using polymethyl methacrylate (PMMA)-assisted transfer, where the PMMA layer was removed
by acetone. Each Ip/lg data point in Figure 6-1a, ¢ was the average over a mapping of 25 individual
Raman spot measurements. The pitch between neighboring spots was 30 um in the x direction, and 25

um in the y direction. The laser spot diameter was ~ 1 um.

6.8 Appendices

6.8.1 Additional Raman Spectroscopy Data

Figure 6-5 presents the Raman spectra of CVD graphene grown at 900 °C at different positions along
the CVD tube axis. The D to G intensity ratio (/n//g) increases as the sample moves upstream. The high
2D peaks indicate that the defects are sparse in this graphene sample, suggesting a positive correlation

between Ip/I; and defect density according to the amorphous trajectory.?3%23

900 °C, P(CH,) = 0.018 Torr

position = 1.6 cm

position = 0.8 cm

A ) \ position = —0.8 cm

1000 1500 2000 2500 3000
Raman shift (cm™1)

Intensity (a.u.)

Figure 6-5. Raman spectra of CVD graphene samples grown at 900 °C at different positions. CH4 partial
pressure is 0.018 Torr.

Figure 6-6 presents the Raman spectra of two graphene samples synthesized using the same CVD
parameters but different air leak conditions. The high air leak condition was realized by sealing the

CVD quartz tube using a pair of failed O-rings due to repetitive usage. The air leak rate can be measured
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by isolating the CVD pipeline in vacuum and monitoring the pressure increase. By substituting good
O-rings with the leaky O-rings, the pressure increasing rate rises from 0.011 Torr L min™' to 0.058 Torr

L min!. As a result, the graphene defect density decreases from 0.62+0.13 to 0.25+0.12 as the O

concentration during CVD synthesis increases.

900 °C, P(CH4) = 0.19 Torr
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Figure 6-6. Raman spectra of CVD graphene grown under different air leak conditions. A pair of failed
O-rings were used to increase the air leak.

Figure 6-7a shows an optical image of CVD-grown graphene single crystals of ~1 mm in lateral
sizes. The CH4 partial pressure and the growth time was reduced to prevent the single crystals from
complete merging. Figure 6-7b presents the Raman spectrum of an area (laser spot ~1 pm in diameter)

inside a single crystal. The average In/lg is 0.24+0.04, indicating that the intrinsic defects form inside

the graphene flakes.
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Figure 6-7. (a) Optical image of graphene single crystals on a Si wafer. (b) Raman spectrum of an area
inside a graphene single crystal.

Figure 6-8a shows a zoomed-in Raman spectrum of a CVD graphene sample with a clearly
observable D’ peak. The D, G, and D’ peaks are fitted with Lorentzian functions. The D to D’ peak
intensity ratio (In/Ip-) reflects the type of graphene defects: In/Ip- ~ 13 for sp?® defects, ~ 7 for vacancies,

and ~ 3.5 for boundaries.”>> As shown in Figure 6-8b, Ip/Ip: is 8.2+0.2 for the intrinsically defective

graphene.
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Figure 6-8. (a) Zoomed-in Raman spectrum of an intrinsically defective CVD graphene sample and the
Lorentzian fitting of the D, G, and D’ peaks (orange dashed curves). (b) Distribution of the D to D’
peak intensity ratio (/n/Ip) of CVD graphene.

6.8.2 Discussion about Air Leak

In my experiments, it is found that a 10-min CVD growth could not yield a graphene sheet with full

coverage under the experimental conditions. Note that the Cu substrate for graphene growth was 2.4
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cmx1.6 cm in length and width. Therefore, the fastest CH4 consumption rate on both sides of the Cu
substrate is given by:

2% 0.024 m x 0.016 m X (areal C density of graphene)
10 min

=81x%x10""1 mols~?

where the areal C density of graphene used is 3.82x10!” atom m™. In contrast, the flow rate of H, was
10 sccm = 7.45x10°° mol s™', and the flow rate of CH, was at least 0.1 sccm = 7.45x107 mol s'. Both
flow rates were at least three orders of magnitude higher than the rate of graphene deposition. Therefore,
it is unlikely that either H> or CH4 had a considerable concentration gradient.

Below, I present a mass balance analysis of O, in the CVD system. Consider an O, concentration
C(x) profile in the tubing (simplified as a one-dimensional coordinate x, where positive x points
upstream). Assuming nearly constant pressure and constant density, according to the mass balance of
0., it can be shown that:

d?c dc
D—— = 6-3
dx? v dx r=0 (6-3)

where D is the binary gas diffusion coefficient, v is the convective flow velocity (towards the —x
direction), and 7 is the net rate of O, consumption. In the heating zone, according to Michael et al., r =
kC(H;)C(x), where k is the reaction rate constant of 2H> + O, — 2H,0 and C(H>) is the concentration

of H,.2%3 More specifically,

26926 K

k = 1.228 x 10718724328 gxp (— 7

) cm3 molecule™! s71 (6-4)

where T is the temperature in Kelvin.?** At a CVD temperature of 7= 800 °C = 1073 K, k= 220.6 cm®
mol! s, According to the ideal gas law, C(H,) = P(H,)/RT = 1.5 Torr/(1073 KxR) = 2.24x10®* mol cm’
3, where R is the gas constant, and P(H,) is approximately the CVD chamber pressure (1.5 Torr).
Therefore, the O consumption term » = 4.95x10¢ s C(x).

Considering the characteristic length scale L, the mass balance equation above can be non-

dimensionalized as follows:

dZC+P dc DaC =0 (6-5)
dn? edr] &=
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where 7 = x/L, the Peclet number Pe = vL/D, and the Damkohler number Da = 4.95 x 107° L?/D.

The diffusion coefficient D (in cm? s™!) can be predicted as follows: %

1 1
A T e
D_A T M1+M2 (6-6)
Pa?,Q

where 4 is an empirical coefficient equal to 1.859x107 atm A2 cm? g mol"?> K*? 5!, M, and M, are
the molar weights of gas 1 and gas 2 (in g mol™), respectively, P is the pressure (in atm), o> is the
arithmetic average of the kinetic diameters of gas 1 and gas 2, and Q is a collision integral whose value
is close to 1. The kinetic diameters of O, and H» are 3.46 A and 2.89 A, respectively.’

Inside the heating zone, T'= 1073 K and P = 1.5 Torr. It follows that D = 0.24 m? s”'. The length
of the heating zone is L = 0.2 m. Therefore, the Damkohler number Da in the heating zone is 8.3x1077
<< 1, indicating that the consumption of O, by H, is negligible.

Because Da << 1, the mass balance (Equation (6-5)) can be rewritten as follows:

d2C+P dC—O (6-7)
dn? edn_

both inside and outside the heating zone. The solution to this differential equation is given by:
C(n) = Cyexp(=Pe-n) + (; (6-8)
Note that the average flow velocity v can be derived by dividing the volumetric flow rate by the tube

cross-sectional area, to obtain:

_FRT 1
v= P EdZ (6-9)
4 “tube

where F'is the molar flow rate of the gas stream, and diw. is the inner diameter of the tube. Therefore,
the Peclet number Pe can be expressed as follows:

vl  FRL 4,0
Pe=—=

D Tgpz .1 (6-10)
b .T05 |—_ -
£ %wbe A-TOS g+ g

In my experiment, F = 7.45x10°° mol s! (converted from 10 sccm), duwbe = 2.05 cm in the heating

zone, and dwpe = 2.5 cm outside the heating zone. The length of the heating zone is 0.2 m, and the length
from the vacuum pump to the heating zone is ~ 1.5 m. Inserting these parameters into Equation (6-10),

it is found that in the heating zone, Pe = 0.84, and that between the vacuum pump and the heating zone,
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Pe = 4.2. These Peclet numbers are neither too low such that the O, concentration is nearly constant
everywhere, nor too high such that O, cannot diffuse to the upstream.

A trace oxygen analyzer (1-1000 ppm, EQ-W1000-LD, MTI Corp.) was used to quantify the O,
concentration in the reactor. When the H, flow rate was 70 sccm and the pressure was 108 Torr, the O
partial pressure was ~ 20 Pa (~ 0.15 Torr). A relative high pressure of 108 Torr was chosen because the
trace oxygen analyzer could not withstand a high vacuum. Consider an average air leak rate in this
chapter of 0.01 Torr L min'. Note that this air leak rate was measured by isolating the reactor from the
vacuum pump and monitoring the real-time pressure increase using a pressure transducer. Therefore,
the air leak rate was contributed by all the flanges and gaskets except for the vacuum pump. At room
temperature, the flow rate of O, (21 mol % of air) from the air leak (vacuum pump excluded) is given
by:

0, flow rate = 21% x 0.01 Torr Lmin™! = 4.67 X 107® Pam®s™* = 1.88 x 107° mol s !

= 0.0025 sccm

0.0025 sccm

Therefore, the O, partial pressure should have been ~oseem X 108 Torr = 0.0039 Torr <

0.15 Torr if the air leak from the vacuum pump were excluded. In other words, the vacuum pump

contributes the majority of the O; leakage.

6.8.3 Gas Permeance Data and Fitting by Theory

All gas permeance data are presented in Table 6-1. For the same membrane, the entries are ordered by
testing sequence. Non-covalent decoration by pyrene-based molecules is indicated in the “Membrane
ID” column (1-pyrenebutyric acid = PBA, 1-aminopyrene = AP). DL stands for detection limit. Gas
permeances measured without a graphene film are also presented, which are much higher than those
measured with graphene. This indicates that gas transport through the entire membrane was dominated
by the graphene film. The uncertainty of the membrane’s position (£0.2 cm) stems from the fact that

the lateral size of the graphene sample (~0.8 cm) was larger than the lateral size of the hole array (0.3
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cm). Therefore, the permeable portion of the graphene sample may deviate from its center after the

scooping transfer.

Table 6-1. Gas permeance data of the graphene membranes.

Mem- CVD P(CH) Position Measurement Permeance (10° GPU)
brane tempera- (Torr) upstream temperature H He CHa SFe
ID ture (°C) (cm) °C)
Without graphene 20 1185 871 367 113
1 900 0.19 0.0£0.2 20 140.4+8.4 106.5+0.9 31.37+0.17 6.85+0.06
1/PBA 20 112.6+11.4 100.1+0.9 22.4440.14 2.62+0.04
1/PBA 100 138.9+9.7 115.3£1.0 27.82+0.18 3.93+0.09
1/PBA 150 146.9+15.1 122.941.2 33.70+0.20 6.18+0.06
1/PBA 20 113.4+16.7 102.9+0.9 23.28+0.15 2.76:0.04
2 900 0.19 0.0£0.2 20 118.3+16.3 104.0+£0.9 30.58+0.15 6.61+£0.06
2/AP 20 111.9£16.3 101.1£1.2 23.08+0.18 2.72+0.06
3 900 0.19 0.8+0.2 20 110.4+13.9 100.4+0.9 17.18+0.12 1.45+0.02
3 20 111.4+13.1 95.5+0.9 15.06+0.11 1.034+0.02
3 100 146.2+12.9 121.9£1.0 21.54+0.15 1.89+0.03
3 150 177.1£8.5 141.5+1.0 29.91+0.18 3.17+0.07
3 20 100.0£17.9 87.4+0.8 12.84+0.11 0.51+0.02
3/AP 20 105.0+15.7 73.0+1.3 10.24+0.11 0.61+0.02
3/AP 20 102.3+12.8 68.7+1.5 9.39+0.14 0.44+0.02
3/AP 100 126.3+12.0 106.1+0.6 17.80+0.09 1.55+0.02
3/AP 150 155.2+10.5 128.5+0.7 25.51+0.11 2.64+0.03
3/AP 20 109.3£15.3 84.6x1.2 11.72+0.11 0.67+0.02
4 900 0.019 —0.8+0.2 20 26.9+18.6 8.9+0.3 2.34+0.04 0.54+0.02
4 20 28.7+20.5 8.0+£0.4 2.22+0.05 0.49+0.02
4 100 28.6+£21.0 9.9+0.4 2.85+0.05 0.76+0.02
4 150 28.8+£20.9 10.4+0.4 3.17+0.06 0.82+0.02
4 20 25.3+18.1 7.4+0.3 2.31+£0.04 0.54+0.02
5 900 0.019 0.0+0.2 20 11.83+0.21 7.90+£0.07 1.445+0.013  0.0823+0.0025
5 20 11.59+0.25 7.41£0.10 0.967+0.013  0.0265+0.0036
5 100 14.67+0.13 9.66+0.05 1.496+0.008  0.0692+0.0013
5 150 14.45+0.12 9.74+0.05 1.406+0.008  0.0820+0.0015
5 20 6.99+0.44 5.00+0.05 0.370£0.007  0.0029+0.0004
5 20 6.67+0.39 5.05+0.05 0.307+0.007  0.0027+0.0005
S/PBA 20 4.94+0.58 4.15+0.05 0.149+0.003 <DL
5/PBA 100 9.22+0.14 6.70+0.05 0.447+0.005  0.0072+0.0007
S/PBA 150 11.65+0.12 8.75+0.06 0.788+0.006  0.0194+0.0008
S/PBA 20 5.02+0.63 4.08+0.05 0.126+0.003  0.0006+0.0004
6 900 0.019 0.8+0.2 20 12.69+0.23 8.94+0.12 0.557+0.011  0.0033+0.0008
6 20 11.55+0.14 8.00+0.06 0.322+0.009  0.0013%0.0005
6 100 14.48+0.14 10.87+0.06  0.603+0.006  0.0022+0.0005
6 150 18.33+0.16 14.12+£0.08  0.988+0.008  0.0087+0.0006
6 20 6.09+0.48 4.43+0.04 0.040+0.002 <DL
6 20 5.35+0.47 3.88+0.05 0.020+0.002 <DL
6 100 12.08+0.13 8.35+0.06 0.234+0.007 <DL
6 150 16.46+0.14 12.28+0.07  0.728+0.006  0.0026+0.0005
6 20 6.13£0.51 4.56x0.04 0.047+0.002 <DL
6/AP 20 4.01+0.71 2.32+0.05 0.004+0.001 <DL
6/AP 100 10.28+0.11 6.23£0.05 0.047+0.002 <DL
6/AP 150 14.76+0.13 9.27+0.05 0.144+0.003 <DL
6/AP 20 2.52+1.10 1.224+0.03 <DL <DL
7 1000 0.18 —0.8+0.2 20 42429 22.2+0.7 7.73£0.23 1.90+0.05
7 20 43427 25.7+0.7 9.03+0.17 2.41+0.05
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7 100 51+30 30.8+0.6 11.7340.13 2.96+0.05
7 150 56126 31.3+0.7 12.09+0.12 2.90+0.05
7 20 42425 28.3+0.6 8.63+0.17 2.09+0.04
7/PBA 20 48+24 28.9+0.7 9.54+0.16 1.94+0.04
7/PBA 100 64122 33.5+0.9 12.22+40.13 2.66:0.04
7/PBA 150 65+24 34.1£0.9 13.01+0.13 2.84+0.04
7/PBA 20 52423 30.7+0.6 8.43+0.17 1.95+0.04
8 1000 0.18 0.0£0.4 20 20.51+0.16 16.55+£0.08  4.966+0.014 1.146+0.007
8 20 20.09+0.24 16.79+£0.13  4.964+0.025 1.131+0.009
8 100 29.06£0.20  23.96+0.09  6.602+0.018 1.427+0.007
8 150 33.24+0.22 27.48+£0.10  7.187+0.021 1.535+0.006
8 20 22.20+0.16 17.49+£0.08  4.451+0.016 0.719+0.005
8/AP 22 17.43+0.14 13.49+£0.08  2.478+0.010 0.178+0.003
8/AP 100 27.08+0.17  21.18£0.09  4.13140.012 0.404+0.004
8/AP 150 29.82+0.18 23.71+£0.08  4.831£0.015 0.599+0.005
8/AP 20 19.20+0.15 14.60+£0.07  2.281+0.011 0.120+0.002
9 1000 0.18 0.840.2 20 29.03+0.15 23.23£0.09  5.382+0.014 0.549+0.004
9 100 35.78+0.23 28.03£0.10  8.178+0.019 1.402+0.006
9 150 38.78+0.21 29.94+£0.10  9.485+0.022 1.998+0.008
9 20 29.8940.12  22.9340.06  5.285+0.011 0.514+0.003
9/AP 22 20.75+0.15 15.21£0.09  2.977+0.011 0.171+0.004
9/AP 100 30.07+£0.20  22.46+0.08  5.358+0.016 0.592+0.005
9/AP 150 33.91+0.21 25.33+£0.10  6.451+0.017 0.922+0.006
9/AP 20 22.99+0.15 16.05+£0.07  2.796+0.012 0.125+0.002
10 800 0.018 1.240.2 22 27.42+0.16  20.45+£0.09  1.947+0.008  0.0278+0.0008
10 22 27.82+0.17  21.01£0.08  1.966+0.010  0.0301+0.0008
10 100 34.9940.19  26.49+0.10  4.004+0.013  0.1227+0.0018
10 150 39.90+£0.20  29.97+0.10  5.953£0.015  0.3729+0.0033
10 20 28.38+0.18 21.07£0.08  2.028+0.010  0.0312+0.0008
10/AP 22 25.06+0.16 18.44+0.08  1.272+0.008  0.0131+0.0005
10/AP 100 33.31+0.18 24.61£0.08  2.810+0.011  0.0511+0.0011
10/AP 150 38.69+0.22  28.58+0.09  4.180+0.012  0.1148+0.0015
10/AP 25 24.95+0.16 17.76+£0.08  0.943+£0.006  0.0088+0.0005
11 800 0.018 0.4+0.2 23 30.49+0.43 22.74+£0.19  2.895+0.026  0.0802+0.0034
11 20 29.82+0.18 22.34+0.08 2.851+0.011  0.0625+0.0013
11 100 39.36+£0.20  29.19+0.10  6.370+£0.015  0.4899+0.0040
11 150 44.80+0.20 32.85+0.10  8.831+0.019  1.1951+0.0053
11 20 32.57+0.18 23.87+0.08  4.003£0.011  0.1590+0.0032
11/AP 20 31.56+0.18 22.55+0.08  3.234+0.013  0.0874+0.0015
11/AP 100 39.69+£0.20  27.96+0.10  5.332+0.015  0.3118+0.0024
11/AP 150 43.51+0.19 30.65+0.10  6.793+£0.016  0.5700+0.0047
11/AP 20 33.114£0.17  23.15+£0.09  3.052+0.011  0.0763+0.0013
12 800 0.015 —0.8+0.2 20 36.13£0.19  26.71£0.09  5.633+£0.015  0.4235+0.0036
12 100 42.31+0.19 31.03+0.10  7.443+0.017  0.8279+0.0046
12 150 49.05+0.23 35.86+0.11 10.16+0.02 1.6900+0.0073
12 20 37.20£0.20  26.85+0.09  5.557+£0.016  0.4239+0.0037
13 800 0.015 0.84+0.2 20 29.52+0.25 21.19+0.12  3.729+0.016  0.1451+0.0034
14 900 0.018 1.2+0.2 20 12.02+0.10 6.85+0.05 0.050+0.002  0.0006+0.0004
14 100 15.95+0.11 9.79+£0.07  0.123+0.002 <DL
14 100 14.84+0.12 8.38+0.05 0.072+0.002 <DL
14 150 18.58+0.13 11.50+£0.05  0.174+0.003 <DL
14 20 3.91+0.88 2.12+0.06 <DL <DL
14 24 3.83+0.87 1.96+0.06 <DL <DL
14 100 13.08+0.10 7.39+0.05 0.051+0.002  0.0009+0.0004
14 150 18.94+0.13 11.57£0.06  0.178+0.003  0.0019+0.0004
14 20 3.38+1.07 1.47+£0.04 <DL <DL
14 20 3.28+0.98 1.55+0.04 <DL <DL
14 100 13.4240.11 7.49+0.05 0.044+0.001 <DL
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14 150 19.51£0.15 11.68+0.06  0.167+0.003 <DL
14 20 3.51+0.95 1.51+0.04 <DL <DL
14 150 16.17+0.13 9.51+£0.05  0.112+0.002 <DL
15 800 0.020 0.8+0.2 20 29.75+0.37 19.54+£0.12  2.078+0.017  0.0123+0.0009
16 800 0.016 2.0+0.2 20 25.90+0.14 16.83+£0.06  0.884+0.005 <DL
16 100 35.80+£0.15  22.92+0.07  2.989+0.010  0.0437+0.0010
16 150 38.12+£0.15  24.68+0.07  3.718+0.011  0.0835+0.0012
16 20 23.72+0.14 14.89+£0.05  0.676+0.005 <DL
17 800 0.016 1.2+0.2 20 28.94+0.14 18.79+£0.07  1.474+0.007 <DL
17 100 38.90+0.15  25.58+0.07 4.045+0.011  0.1058+0.0014
17 150 44.14+0.15  28.88+0.08  5.914+0.013  0.3170+0.0023
17 20 29.18+0.14 18.79+£0.06  1.743+0.007 <DL
18 800 0.016 2.0+0.2 22 5.81+0.44 2.29+0.06 <DL <DL
18 100 14.82+0.11 7.39+£0.05  0.020+0.001 <DL
18 150 22.14+0.13 12.44+0.06  0.165%0.002 <DL
18 20 5.41+0.53 1.88+0.04 <DL <DL

Figure 6-9 is a cleaner presentation of the selectivity-permeance data shown in Figure 6-3. The

performances of graphene membranes synthesized with different parameter sets are separated in

different subplots. Some membranes are missing on the right column because their He/SFs selectivities

are too high to be reliably estimated.
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Figure 6-9. (a-d) He/CHy selectivities and He permeances of graphene membranes synthesized with
four different CVD parameter sets, corresponding to Figure 6-3. (e-h) He/SF¢ selectivities and He
permeances of graphene membranes synthesized with the four different CVD parameter sets. Note that

x refers to the position of graphene relative to the heating zone center in the upstream direction.

The theoretical fitting of the gas permeation theory to the experimentally measured gas permeances
was carried out as follows. As discussed Section 6.4, considering only the direct impingement

permeance, the permeance per pore I1 (pressure-difference-normalized gas permeation rate) of gas i (i

223



= He, CHa, SF¢) through a circular graphene pore of effective diameter D, at temperature 7' can be

predicted as follows:

D2 1 D\
n(D,,i,T) = —2- 1-== -
(PpT) = e ( Dp) (6-11)

where m; is the molecular weight of gas i, D is the kinetic diameter of gas i, and kg is the Boltzmann
constant. The (1 — D/ Dp)“i term describes the steric rejection effect due to the collision between

gas i and the pore edges, and o; is a gas i-dependent exponent. H, is not included because of the
sometimes large uncertainty of the H, permeances. It is further assumed that the effective pore diameters
in graphene membrane j follow a lognormal distribution. Note that the effective pore size is also a
function of the measurement temperature due to the nanoscale fouling effect. Therefore, the pore size
distribution function f{D,) should be parameterized by the membrane ID j and the measurement

temperature 7. Specifically,

(ln Dy —In yj'T)z

———exp|— (6-12)
Dpaj,Tm Zo-j%T

f(Dp;j'T) =

where u;r and g ; are the two parameters for the lognormal distribution function, which are dependent
on j and 7. Subsequently, the total permeance of gas i through membrane j at temperature 7' can be
predicted by combining Equations (6-11) and (6-12) as follows:

=

+00
R =ps [ F(0psf, 1) (0, 1,7) d, 619
0

where p; is the areal pore density of membrane j. Finally, the predicted permeances I?i, j,r are fitted to
their corresponding experimentally measured permeances K; jr by minimizing the least squared

relative error:

2

(a1 0 pi} =  argmin Rujr 4 6-14
i 05 Pjs = & K. . (6-14)
Ll 05T P} 0T LT

This fitting provides an estimate for the pore size distribution and the pore density of each membrane,
as well as the gas i-dependent «; values. The least squared absolute error is not used because the He
permeances are generally several orders or magnitude higher than the SFs permeances. As a result, the

fitting would bias towards the He permeances if the absolute error was the minimization objective.
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Before further simplifying the fitting problem, first consider if Equation (6-11) is a good
approximation. In fact, even if I simply assume that o; = 3 for every gas i and that the pore size
distribution in a graphene membrane is a delta function (uniform pore sizes), I can generate iso-pore-

density trade-off curves that match the experimental results reasonably well (Figure 6-10a).
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Figure 6-10. (a) He/CH4 selectivities and He permeances of graphene membranes. Datapoints of the
same color represent the same membrane under different experimental conditions (temperature, surface
decoration, etc.). Dashed grey curves indicate the theoretically predicted selectivity-permeance trade-
off trade-off curves. Right y axis presents the theoretically predicted average effective pore diameter
that corresponds to the left y axis. The theoretical predictions were made assuming that o; = 3 for every
gas i and that the pore size distributions are delta functions (uniform pore sizes). (b) Correlation between
the effective pore diameter at 150 °C and that at 100 °C and 20 °C, sampled from all graphene
membranes. The effective pore diameters are estimated assuming that a; = 3 for every gas i and that the
pore size distributions are delta functions.

In order to minimize the risk of overfitting and reduce the amount of calculation, the number of

unknown parameters can be further decreased as follows. Currently, each membrane j corresponds to
seven unknowns: p; (temperature independent), three y; ;- values at 7= 20, 100, and 150 °C, and three
ojr values at T'= 20, 100, and 150 °C. Denote J as the total number of membranes, which leads to a
total of 7/ unknows. Together with the three a;’s for the three gases (i = He, CH4, SFs), 7J+3 unknowns
need to be fit using 9J gas permeance datapoints (three gases and three temperatures for each
membrane). Such large number of unknowns is not desirable.

The following physical intuition is used to reduce the number of unknowns. Note that the

temperature effect on the effective pore sizes should be universal for every graphene membrane. Two
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hypotheses can be proposed regarding how a graphene pore effectively shrinks in response to a
decreasing temperature. The first hypothesis is that all the pores shrink by the same absolute amount:

Dy(T) = Dy (To) — g(T) (6-15a)
The second hypothesis is that all the pores shrink by the same relative proportion:

Dy (T) = Dy(To)g(T) (6-15a)
where 0 < g(7) < 1. In order to determine which hypothesis is more plausible, one may fall into a circular
logic. To find g(7), one needs to know the pore size distributions at different temperatures Dy(7). To
find the pore size distributions, one needs to solve the optimization problem in Equation (6-14).
However, Equation (6-14) includes the expression of g(7). To break the loop, I again assume that a; =
3 for every gas i considered and that the pore size distributions in all the graphene membranes are delta
functions. In this manner, I can estimate the effective pore diameters in all the membranes at 20, 100,
and 150 °C. The correlations between the effective pore diameters at 150 °C and those at 100 °C and
20 °C are plotted in Figure 6-10b, where proportional correlations can be observed. The proportionality
in Figure 6-10b supports the second hypothesis (Equation (6-15a)). As a result, the effect of temperature

can be separated out from Equation (6-12), which is simplified as follows:

2
exp |- (ln D, —1In ng(T))
Dyojvim 20f

f(Dp; ), T) = (6-16)

where (1 and oj represent the pore size distribution of membrane j at 7o = 150 °C, and g(20 °C) and

2(100 °C) will be used to describe the universal temperature-induced pore size change. Note that scaling

the lognormal pore size distribution function along the x axis only scales u; accordingly, and o; remains

the same.

After this simplification, the number of unknowns is reduced to 3J+5 (pj, ), and o for each

membrane, three a;’s, g(20 °C), and g(100 °C)). The fitting problem can be further simplified by noting
that the non-covalent decoration of the graphene membranes by pyrene-based molecules is similar to a

temperature decrease in terms of its effect on the effective pore size. Therefore, p; and o; are assumed

to remain constant after the non-covalent decoration. For accuracy, gas permeances with high error and
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those below the detection limit are excluded. Furthermore, only membranes that were tested at multiple
temperatures are included to enhance the fitting reliability.

The fitting results are summarized in Table 6-2. Note that the mean pore diameter of a lognormal
distribution is not u, but uexp(6/2). Due to the large number of unknown parameters, the optimization
of the objective function in Equation (6-14) is extremely difficult. Pattern search by Matlab was carried
out to avoid shallow local minima. The objective function is not sensitive to parameters fitted with
wider confidence intervals. The following fitted parameters yield a relative prediction error of 14% on
average. Further optimization is possible, but the objective function landscape is flat near the
optimization point and significant improvement in the fitting is not expected.

Table 6-2. Fitted parameters and their 90% confidence intervals.

(He) 2.0£1.7 (20 °C) 0.77£0.06
(CHs) 2.842.0 2(100 °C) 0.9120.03
a(SFs) 3.042.6
Membrane ID p (10° um) u (nm) o
1/PBA 0.68+1.74 1.00+1.43 0.33+0.70
3 2.67+4.67 0.64+0.46 0.35+£0.21
3/AP 2.67+4.67 0.60+0.44 0.35+0.21
4 0.22+2.95 0.21+2.19 1.00+2.22
5 0.27+0.39 0.65+0.35 0.184+0.09
5/PBA 0.27+0.39 0.56+0.29 0.18+0.09
6 1.28+1.89 0.47+0.19 0.14+0.08
6/AP 1.28+1.89 0.40+0.15 0.14+0.08
8/AP 0.21+0.38 0.90+0.70 0.18+0.28
9 0.15+0.29 1.25+1.10 0.0£15
9/AP 0.15+0.29 1.07+£0.92 0.0£15
10 0.72+1.01 0.70+0.38 0.16£0.08
10/AP 0.72+1.01 0.64+0.33 0.16+0.08
11 0.29+0.49 0.99+0.74 0.0+2.8
11/AP 0.29+0.49 0.93+0.68 0.0£2.8
12 0.22+0.43 1.07+1.01 0.17£0.55
14 3.75+8.50 0.35+0.17 0.19+0.14
16 0.79+1.17 0.63+0.33 0.14+0.12
17 0.47+0.62 0.79+0.42 0.01+£0.92
18 1.33+1.76 0.43+0.13 0.06+0.11

The slope of the iso-pore-density trade-off curve of selectivity-permeance trade-off in Figure 6-3

in can be derived analytically, based on Equation (6-1). Consider two gases, gas 1 and gas 2, where gas
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1 is the more permeable species. The selectivity between the two gases Si» can be expressed as a function

of pore diameter D, as follows:

Ky D “ D2 % m;
S =—=(1- d 1-— 2 — 6-17
2K, ( Dy > Dy M ( :

Therefore, the slope f of the iso-pore-density trade-off curve in a log-log scale is:

_dInSy,  (dInSp,) [dInk )"
~dlnk; \ dD, dD,

2
= P p
o (1 —Pma) Dmay 2 (6-18)
! Dy, D; Dy
a DmZ a Dm,l aZsz Dp Dml -1
_ 2Dp_DmZ Dp_Dml _ale,le sz
- m,1 2 Dy —Dn
2+a1Dp_Dm1 0(_1 Dm1 +1

6.8.4 Iso-Pore-Density Trade-off Curves of Graphene Membranes Reported in the

Literature

For other graphene membranes reported in the literature, Equation (6-1) may not be a good
approximation because of potentially different laboratory environments and membrane fabrication
processes. Certain graphene membranes in the literature exhibit increasing Ho/CHs selectivities with
temperature,'?%!?%128 which contradicts Equation (6-1). Equation (6-1) predicts that the Ha/CHs
selectivity decreases as a function of temperature because of the effective pore size expansion. To
resolve this contradiction, it can be assumed that the surface diffusion pathway dominates the gas

permeation through those graphene membranes, which is expressed as follows:!"!

AH, 5
ads,z) (6—19)

K; < exp (— g T
where the permeance of gas i is related to its heat of adsorption on graphene AH,q5; < 0. Because the
iso-pore-density trade-off curve is also temperature dependent, the gas permeances measured at
different temperatures need to be corrected back to the same temperature (30 °C) using Equation (6-19)

for a meaningful comparison. The heats of adsorption of H, and CHy4 on graphene are —4 kJ mol™! and
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—13 kJ mol, respectively, according to ref. 120. Figure 6-11 presents the iso-pore-density trade-off
curves of the graphene membranes reported by Huang et al.,'* Zhao et al.,'"**> Khan et al.,'"*® and He et
al.'® after the temperature correction. Generally, the slope of the curve is steeper when the Ho/CHy is

higher, consistent with my observation in the main text.

Huang et al.

102' Khan et al.
He et al.

101_

H>/CH, selectivity
corrected to 30 °C

10 0 A1 N2 N3 N4 N5 6
10 10 10 10 10 10 10

H, permeance corrected to 30 °C (GPU)

Figure 6-11. Iso-pore-density trade-off curves of graphene membranes reported by Huang et al.,'*° Zhao
et al.,'* Khan et al.,'”® and He et al.'"® Gas permeances are corrected to 30 °C according to Equation

(6-19). Each curve represents an individual membrane.

To rationalize Equation (6-19), note that the H, permeances reported in the studies referenced
above typically increase by 1000% from room temperature to 150 °C, much higher than ~ 150% value
reported in this chapter. This suggests that the graphene membranes in this chapter are heavily
contaminated, such that a higher temperature cannot significantly alleviate the pore blocking, as only
one to few layers of contaminant molecules are enough to partially block the nanometer-sized pores. In
contrast, the less contaminated graphene membranes in the literature are more sensitive to the thermal
desorption of the contaminants. Further, the surface diffusion pathway of gas permeation is more likely

to be dominant when the graphene surface is less contaminated (Section 3.7).

6.8.5 Comparison with Other Membranes Reported in the Literature

Table 6-3. H»/CH,4 separation performances of other membranes reported in the literature.
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Material H; permeance (103 H,/CHs selectivity Reference
GPU)
Graphene
Single-layer graphene 6.05 15.6 122
perforated by oxidative 3.07 29.0
etching 3.40 25.1
10.83 7.5
Single-layer graphene 1.33 17 120
treated by O3 0.62 20
Double-layer graphene 3.4 9.2 116
perforated by ion 4.1 8.7
irradiation and O» 9.0 53
etching 28.0 8.9
42.8 8.9
26.8 5.2
27.4 5.8
69.5 6.1
57.9 6.0
40.2 6.3
310 4.4
523 4.5
788 4.1
1446 4.4
1844 4.5
2399 4.8
2878 4.3
4227 4.2
11633 4.6
Zeolite
AIPO-18 0.30 22 285
FAU 0.57 9.9 261
SSZ-13 0.63 22 264
DDR 0.27 75 14
LTA 0.48 19.3 263
CHA 2.69 26.5 262
4.48 42.9
4.78 32.0
6.27 38.1
6.87 25.0
Metal-organic framework (MOF)
ZIF-8/GO 0.38 139 270
ZIF-90 0.74 153 269
Cu3(BTC), 5.83 5.9 27
ZIF-67 0.46 41.9 268
JCU-150 0.53 26.3 267
NH,-MIL-53(Al) 4.47 20.7 266
Graphene oxide (GO)
GO/AAO 0.309 117 222
GO-thiourea 0.589 66.7 272
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Carbon molecular sieve (CMS)

0.167 726 275
0.548 35 274
0.35 160 273
0.324 435 276
0.354 432
0.381 156
0.446 36.6
Silica
5.97 533 17
4.78 43 281
0.56 88 282
1.38 11.5 280
1.29 18.8
0.93 19.5
0.81 23.7
1.61 480 279
0.36 2800 259
0.75 940 278
1.13 3700 277

Figure 6-12 reports the selectivity-permeance Robeson plot corresponding to the Ho/CHy4 separation.
Different from Figure 6-4, the gas permeances here were calculated based on the full area of the
100x100 hole array, including the pitch of 30 um, giving a total area of 9 mm?. This would decrease

the previously calculated gas permeances by 65 times.
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Figure 6-12. Selectivity-permeance Robeson plot corresponding to the H»/CHjy separation. Permeances
are calculated based on the full area of the 100x100 hole array, including the pitch of 30 um. Results of
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this study are plotted as solid markers. Datapoints with long dashed error bar upwards indicate the lower
bound of H»/CHy selectivities, because CHy signals were below the detection limit. Performances of

other state-of-the-art membranes in the literature are plotted as hollowed markers, including zeolites,

260-

265 metal-organic frameworks (MOF),?%62"! graphene oxide (GO),'*”?’? carbon molecular sieves
(CMS),?73-27 silica,?*17277-282 and Robeson upper bound for polymers assuming 1 pm thickness.'!

Similar to Figure 6-4, the He/CH4 separation performances of the graphene membranes are

compared with other membranes in the literature as well as with the Robeson polymer upper bound in

Figure 6-13 (references provided in Table 6-4).

Table 6-4. He/CH,4 separation performances of other membranes reported in the literature.

Material He permeance (10° He/CHj selectivity Reference
GPU)
Ni doped silica 3.47 600 286
Silica 2.93 147 287
Silica 0.090 5000 288
Isoreticular Metal- 2.99 1.6 289
Organic framework
IRMOF-3 and -6 2.39 1.3 289
[Cuz(bza)s(pyz)]» 0.008 7.3 20
Cu-BTC 4.18 2.1 21
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Figure 6-13. Selectivity-permeance Robeson plot of He/CH4 separation. Results in this chapter are
plotted as solid circles. Performances of other state-of-the-art membranes reported in the literature are
plotted in hollowed markers, with their references provided in Table 6-4. The Robeson upper bound for
polymers is plotted assuming 1 um membrane thickness.
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6.8.6 Experimental Details

Figure 6-14 shows that the thickness of the porous carbon scaffold is ~ 200 nm.

Figure 6-14. SEM image of the cross section of the porous carbon scaffold.

Figure 6-15 shows a schematic diagram of the chemical vapor deposition setup. Figure 6-16 shows

the schematic diagram and photograph of the gas permeation module.

H, mass _
flow controller Main gate
, Pressure valve Molocul
H,in Cu foil transducer folecular . um
-» - sieve trap
~ pump
CH, in @ :
—»
CH, mass Metering

flow controller Tube furnace valve

Figure 6-15. Diagram of the chemical vapor deposition setup for graphene synthesis. The x axis
indicates the relative upstream position to the heating zone center.

233



a_, _)b

Feed
gas in Feed
gas out
e Washer
Graphene > Metal
membrane B —  gisk
Ar sweep
Ar sweep out to mass
in spectrometer

— S —

Figure 6-16. (a) Diagram and (b) photograph of the gas permeation module. Two stainless steel washers
were inserted between the metal disk and the Swagelok VCR fitting to prevent the deformation of the
metal disk.

Figure 6-17a, b presents the calibration curves used in this chapter to transform the mass
spectrometer signals to the molar fractions of the gases (data collected by Dr. Guangwei He). The
calibration curves report the correlation between the mole fraction of gas component 7 in a gas stream
x; and its corresponding fraction in the total mass spectrometer signal y;. Each gas i has its own linear
calibration curve, y;= Cix;. When performing gas permeation testing through a graphene membrane, the
real time mass spectrometer signal of gas 7, Si(¢), is transformed into its molar fraction x,(¢) in the gas

stream entering the mass spectrometer as follows:

yi® _ 1 S(1)
¢ CiXiSi(o)

xi(t) = (6-20)

The permeated gas through the graphene membrane was carried by 4 sccm Ar into the mass
spectrometer. Because the flow rate of the permeated gas is < 2% of the Ar flow rate (3}; x;(t) < 0.02),
it can be approximated that the total flow rate of Ar and the permeated gas is ~ 4 sccm, and that the
flow rate of gas i is 4x,(f) sccm. The flow rate is further divided by the pressure driving force and the

membrane area to obtain the gas permeance.
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Figure 6-17. (a) Calibration curves of the mass spectrometer (MS) for H, and He. (b) Calibration curves
of the MS for CH4 and SFs. (c) Real time MS signal of H,, He, CH4, and SF¢ from a graphene membrane
(membrane ID = 7). The H> signal has a cutoff of ~10.

Note that the threshold signal for H, detection is high (Figure 6-17c). Any H, signal below ~10
will be cut off and show zero as the output signal. As a result, my estimations of H, permeances
sometimes have very high uncertainty. In contrast, the signals of He, CH4, and SF¢ have no such cutoff,
and the lowest observable time-average signal is 1, corresponding to gas permeances of 75 GPU, 10
GPU, and 3 GPU for He, CHa4, and SFs, respectively. These permeance values are the detection limits
of my experimental setup. The detection limit can be further reduced by feeding pure gas instead of
mixture gas. After switching the feed gas from a gas mixture containing 1/6 CH4 (molar basis) to a pure
CHy stream, the detection limit of CH4 permeance is further reduced to 1.7 GPU. These detection limits
allow me to calculate the selectivity lower bound of some highly selective membranes. For example,
the membrane with ID = 18 exhibits H, permeance of 5.81x10* GPU, but no observable CH4 permeance
(< 1.7 GPU) at 20 °C. Therefore, the H,/CHj selectivity is at least 3.48x10°.

Figure 6-18 shows the real time mass spectrometer signal from membrane ID = 16. The feed gas
was switched from a gas mixture containing 1/6 CH4 (molar basis) to a pure CH4 flow. Upon the switch,
the CHa signal increased by six-fold, while the signals of other gases decreased to zero. Therefore, the
permeance of a gas in a pure stream and that in a mixture are almost the same, indicating that

competitive gas transport is negligible.
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Figure 6-18. Real time mass spectrometer signal from membrane ID = 16. At 37 min, the feed gas was
switched from a gas mixture (molar fraction of CH4 = 1/6) to a pure CH4 flow. The CH4 signal increased
by six-fold as a result.
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7  Conclusions and Outlook

7.1 Thesis Summary

This thesis focuses on studying the implementation of nanoporous single-layer graphene membranes
for gas separation, both theoretically and experimentally. Theoretically, this thesis (Chapters 2—4) aims
at predicting gas permeances through a nanoporous single-layer membrane. This aim has been
accomplished step-by-step, beginning with a simple case (an individual nanopore) and ending with a
more complicated and realistic case (a pore ensemble having a pore size distribution). Experimentally,
this thesis (Chapters 5 and 6) aims at fabricating nanoporous, single-layer graphene membranes,
including improving their gas permeances and gas separation performances. To obtain high gas
separation performances, the pore formation mechanism in graphene, as well as various strategies to
control the pore density and the pore size, have been investigated. Furthermore, matching the theoretical
predictions with the experimental results is an important goal of this thesis (Chapters 4-6), which leads
to fundamental insights into the gas permeation mechanisms through graphene nanopores. Below, 1
summarize the various chapters comprising this thesis.

In Chapter 1, I introduced the basic concepts of membrane separation, gas permeance, and
selectivity. I highlighted the enormous potential of nanoporous single-layer graphene membranes for
high-performance gas separation due to their atomic thickness. I reviewed the research progress made
in gas-selective nanoporous single-layer graphene membranes, including discussing several some
remaining theoretical and experimental challenges.

In Chapter 2, I investigated the mechanism of activated gas permeation through sub-nanometer
graphene pores. Using molecular dynamics simulations, I showed that the gas permeation through sub-
nanometer graphene pores could be decoupled into two processes: (i) the adsorption to the pore mouth
and (ii) the translocation through the pore. Transition state theory was used to predict the translocation
rate and showed good agreement with the molecular dynamics simulations. Based on the transition state
theory, I developed efficient algorithms to predict the gas permeance per pore through many graphene

nanopores. By comparing the performance predicted for nanoporous graphene with those reported for
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other membrane materials, I confirmed the high promise of graphene membranes for gas separation, if
the areal pore density is sufficiently high.

In Chapter 3, I extended the theoretical framework developed in Chapter 2 from the activated
regime to other non-activated regimes in order to accommodate larger pore sizes. Specifically, I derived
analytical equations that model the gas transport rates associated with the direct impingement and the
surface diffusion pathways, and further validated and refined these equations using molecular dynamics
simulations. In addition, I integrated the refined equations using the translocation rate (studied in
Chapter 2) to predict the overall gas permeation rate per pore. I showed that the gas permeation through
a graphene pore begins from the activated regime, followed by a surface-pathway-dominated regime,
and finally by a direct-pathway-dominated regime, as the pore diameter increases.

In Chapter 4, my theoretical prediction of gas permeation was further extended from a single
graphene nanopore to a nanopore ensemble having a realistic pore size distribution. I generated
nanopore ensembles in silico by etching carbon atoms away from pristine graphene using a Kinetic
Monte Carlo algorithm. The total permeances of H,, CO,, and CH4 through the nanopore ensembles
were predicted using the equations developed in Chapters 2 and 3. I showed that a small fraction of
large pores could contribute the majority of the total gas permeance through a nanopore ensemble,
thereby highlighting the importance of considering the pore size distribution. I fitted the theoretical
predictions to experimental results reported in the literature, and found that graphene nanopores
effectively expand at a higher temperature under the experimental conditions used. I hypothesized that
the graphene nanopores were partially clogged by airborne hydrocarbon contaminants, and that the
contaminants would desorb at higher temperatures.

In Chapter 5, I reported the gas separation performances of five nanoporous single-layer graphene
membranes that [ fabricated using chemical vapor deposition. The graphene membranes were
intrinsically porous after the chemical vapor deposition synthesis. For the first time, I measured gas
mixture separation through suspended nanoporous single-layer graphene membranes. Further, for the
first time, I measured the temperature dependence of the gas permeances. Membrane A and A’ exhibited
gas selectivities higher than the Knudsen selectivities. I fitted the permeance data using the steric
selectivity mechanism and obtained a monodisperse pore size distribution that peaked at a diameter of
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2.5 nm. Membrane B exhibited selectivities lower than the Knudsen selectivities, suggesting a
combination of effusion and collective gas flow. Membrane C displayed a much higher selectivity than
the Knudsen selectivities, and Membrane D displayed extremely low permeances at, or below, the
detection limit.

In Chapter 6, I investigated the formation mechanism of intrinsic graphene pores during graphene
synthesis. The intrinsic pores were formed due to the random insertion of catalytic Cu atoms into the
growth front of graphene. This mechanism allowed me to decouple pore nucleation and pore growth
and to overcome the challenging trade-off between a high pore density and a high selectivity. I
systematically controlled the pore density and the pore sizes in the graphene membranes and obtained
record-high H»/CH4 separation performances to date: Ho/CHs selectivity > 2000 while the H»
permeance > 4000 GPU, or Ho/CHs selectivity > 100 while the H, permeance > 10* GPU. Furthermore,
I identified the importance of nanoscale fouling on gas separation, where the graphene pores are

partially blocked by airborne hydrocarbon contaminants.

7.2 Outlook

Along with the progress reported in this thesis, much progress has been made to advance gas separation
using nanoporous single-layer graphene membranes. On the theory and simulation sides, the mechanism
of gas permeation through nanometer-scale pores in graphene membranes has been investigated in
depth. Novel design ideas of graphene pores that enhance gas separation have been proposed based on

simulations, including edge functionalization,?®> asymmetrical pores,*””

and continuously tunable pore
size by strain or by the overlapping of two pores.®>341% Pore nucleation and pore expansion processes
have also been gaining increasing attention. On the experimental side, gas perforation methods have
significantly matured. Graphene membranes with areal pore densities exceeding 10'® m (average pore
distance < 10 nm) have been fabricated. Further, the gas permeances and selectivities have been greatly
improved. Because of the advances made in the production of functional supporting layers, the areas of
graphene membranes have been scaled up to centimeter scale.!?® The combination of experimental

measurements and theoretical predictions have shed light on the mechanism of gas transport through

confined spaces at a microscopic scale.
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In spite of the great progress made as discussed above, additional theoretical and experimental
advances are required for graphene membranes to become practically competitive. Below, I discuss
four promising and important topics that, if resolved, will facilitate the use of graphene membranes (or
other atomically thin 2D materials) for gas separation.

(1) The wide and right-skewed pore size distribution (PSD) resulting from oxidative etching has
become a major hurdle that constrains the gas selectivity of graphene membranes. Improved methods
are needed to narrow down the PSD in order to better separate some difficult yet important gas pair like
02/Ns. Theoretical investigations of the pore nucleation and pore expansion processes associated with
different perforation methods would allow the research community to formulate more advanced
strategies to generate narrower and more controllable PSDs.

(i1) Hydrocarbon adsorbates on the graphene surface (usually airborne hydrocarbon contaminants)
were shown to significantly affect gas transport through graphene nanopores. However, more
investigations are needed to understand the composition of the adsorbates, the number of layers of the
adsorbates and their spatial distribution with respect to the nanopore, and the mechanism of partial pore
blocking at the molecular level. Methods of removing the adsorbates are of high research interest, but
from an application perspective, it would be difficult to eliminate airborne hydrocarbons from the feed
gas stream and the separation module. Therefore, understanding the behavior of the hydrocarbon
adsorbates is important to exploit this phenomenon to our advantage.

(ii1) For practical applications, the areas of single-layer graphene membranes need to be further
scaled up, while maintaining, or even improving, their quality and uniformity. This requires additional
development of the functional supporting layers and the membrane fabrication process. For large-scale
applications, membrane packing and module design adapted for graphene membranes are critical.
Because of the potentially high gas permeance through graphene membranes, creating compact
membrane systems for laboratory or medical use (e.g., to separate O, from other gases) may be a more
realistic goal.

(iv) It will be exciting to couple the selective gas permeation through nanoporous graphene (or

other 2D materials) with other applications, including catalytic membrane reactors,** sensing,*** or
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electrochemical systems involving gases.”> The confined spaces created by the atomically thin
nanopores may allow selective interfacial chemical reactions with controlled stereochemistry.

In summary, the development of gas selective single-layer graphene membranes in recent years
has been inspiring. We have witnessed graphene membranes growing out of infancy and becoming
promising next-generation gas separation membranes. However, in spite of their tremendous potential,
practically, graphene membranes still face significant challenges associated with gas separation
performance and robustness, which future theoretical, simulation, and experimental research need to

address.
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