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Graphdiyne, a recently synthesized one-atom-thick carbon allotrope, is atomistically porous —
characterized by a regular “nanomesh” — and suggests application as a separation membrane for
hydrogen purification. Here we report a full atomistic reactive molecular dynamics investigation to
determine the selective diffusion properties of hydrogen (H,) amongst carbon monoxide (CO) and
methane (CH,), a mixture otherwise known as syngas, a product of the gasification of renewable
biomass (such as animal wastes). Under constant temperature simulations, we find the mass flux of
hydrogen molecules through a graphdiyne membrane to be on the order of 7 to 10 gcm 2 s' (between
300 K and 500 K), with carbon monoxide and methane remaining isolated. Using a simple Arrhenius
relation, we determine the energy required for permeation on the order of 0.11 + 0.03 eV for single H,
molecules. We find that addition of marginal applied force (approximately 1 to 2 pN per molecule,
representing a controlled pressure gradient, AP, on the order of 100 to 500 kPa) can successfully
enhance the separation of hydrogen gas. Addition of larger driving forces (50 to 100 pN per molecule) is
required to selectively filter carbon monoxide or methane, suggesting that, under near-atmospheric
conditions, only hydrogen gas will pass such a membrane. Graphdiyne provides a unique, chemically
inert and mechanically stable platform facilitating selective gas separation at nominal pressures using

a homogeneous material system, without a need for chemical functionalization or the explicit

introduction of molecular pores.

1. Introduction

The necessity for clean energy sources and green materials
implores a need to recapture (or separate) any by-product of
synthesis in an efficient and precise manner, from the macroscale
to nanoscale, molecule by molecule. Recently, the ability to
separate gaseous mixes by chemical components via physical
filtration has undergone significant technological advances,
through the development of metal-organic frameworks'?
(MOFs), zeolites,*s and polymeric®” or biomimetic®® membranes
with chemical specificity.’ Can a single-phase, chemically
homogeneous structure serve the same purpose? The superlative
properties and potential applications of synthetic carbon mate-
rials — particularly the 2D form of graphene'*-'? — illustrate their
unique scientific and technological importance and have moti-
vated exploration of other potential carbon structures.'*
Naturally occurring carbon exists in only two allotropes,
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diamond and graphite, which consist of extended networks of
sp’- and sp*-hybridized carbon atoms, respectively.'® Other ways
to construct carbon allotropes are theoretically possible by
altering the periodic binding motif in networks consisting of sp*-,
sp- and sp-hybridized carbon atoms.'*'* Graphdiyne — a varia-
tion on of the sp? carbon motif forming graphene — has been the
subject of continuing interest among structural, theoretical, and
synthetic scientists due to its promising electronic, optical, and
mechanical properties,'*2° as well as recent practical strategies of
synthesis.'>*'2* Specifically, graphdiyne is a two-dimensional
structure of sp—sp>-hybridized carbon atoms (Fig. 1A), which can
be thought of as simply linking the characteristic hexagons of
graphene by diacetylenic (single- and triple-bond) linkages. The
presence of these acetylenic groups in such structures introduces
a rich variety of optical and electronic properties that are quite
different from those of graphene or carbon nanotubes.’”?* From
a structural perspective, however, they naturally introduce
uniform, repeating triangular atomistic pores, with a van der
Waals (vdW) openings on the order of ~6.3 A2 (Fig. 1B).
Combined with mono-atomic thickness, it has been suggested
that graphdiyne might be successful for hydrogen purification,'®
or correspondingly filtration of other small molecules.

The size of van der Waals (vdW) pores defined by this
“nanomesh” falls between the vdW dimension of hydrogen and
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Fig. 1

Schematic and model of graphdiyne. (A) Chemical structure of graphdiyne, a two-dimensional structure of sp—sp>-hybridized carbon atoms with

characteristic hexagons of graphene by diacetylenic (single- and triple-bond) linkages forming a repeating and regular nanomesh. (B) Full atomistic
model of graphdiyne depicting the atomistic triangular pores, with van der Waals openings (4,qw) on the order of ~6.3 A%. The graphdiyne membrane
employed here has dimensions on the order of 10 nm x 10 nm (approximately 250 exposed pores); graphdiyne edges are terminated with hydrogen atoms

for stability.

methane/carbon monoxide, suggesting possible utilization as
a separation membrane for hydrogen purification from syngas —
a mix of H,, CHy4, and CO, commonly produced by the partial
oxidation of methane,* as well as the gasification of renewable
biomass?**’ (such as animal waste*® and sewage sludge®). The
main components of syngas can be converted to valuable prod-
ucts.?® As the permeance of a membrane is inversely proportional
to its thickness,®! several atomistically thin porous structures
aimed for gas separation have been proposed, for example
functionalized porous graphene,’* multilayer carbon-based
membranes,3¢-3® or nanoporous silica.>*!

The effective pore size of graphdiyne can be determined by
taking by the van der Waals diameter of the acetylene carbon
links, resulting in a triangular pore with a length of ~3.8 A (as
previously reported;'® easily calculated by the geometry of
graphdiyne). The kinetic diameter of the gases are ~2.93 A,
~3.76 A, and ~3.83 A for H,, CO, and CHjy respectively.** By
geometric arguments alone, graphdiyne appears ideally suited
for H, filtration. Yet the triangular shape of the pore would
impede free passage (even for such nonpolar molecules), and one
would anticipate an energetic penalty. Moreover, even the weak
van der Waals interactions extend beyond the ideal cutoff, and
the multibody interactions of the gaseous mix may result in
deviations from the ideal kinetic diameters (e.g., local tempera-
ture fluctuations). Thus, while the pore size and kinetic diameters
are compatible, we define the filtration in terms of chemical
selectivity via definition of energy barriers, in a general approach.
As such, similar concepts can be invoked in future studies (such
as filtration of polar water molecules, etc.)

2. Materials and methods

While graphdiyne has only been recently synthesized atop copper
substrates,?** recent theoretical and full atomistic studies
suggest that freestanding mono-atomistic graphdiyne layers
would not only be chemically stable,**** but also achieve strength
on the order of 40 GPa.*** Being said, until such materials are
characterized experimentally, the strength remains a theoretical
prediction. Combined with the chemical inertness of pure
carbon, such a material would provide a robust platform for
repeatable gas separation. We explore the relative selectivity of

H,, CHy, and CO using a full atomistic molecular dynamics
(MD) approach, which allows for the simulation of large systems
and a direct analysis of the molecular dynamics of the process.

2.1 Force field, time step and thermostat

The full atomistic investigations utilize the first-principles-based
ReaxFF potential, originally developed for hydrocarbon
systems,* providing an MD framework for chemical and
mechanical behavior with near quantum-chemical accuracy. The
version of the ReaxFF force field used here is that reported by
Chenoweth and van Duin ef al.*” The time step is chosen to be on
the order of a fraction of femtoseconds (0.1 x 107'° s), to ensure
the stability of the simulations and reflect the relatively high
vibrational frequency of the triple-bonded acetylenic groups and
relatively low-mass H, molecules. All full atomistic simulations
are subject to a microcanonical (NVT) ensemble, carried out at
temperatures from 300 K to 500 K (we note while syngas is
synthesized at temperatures on the order of 1000 K,>?® our
intent is to model the downstream filtration of such a gas, to
recapture H, and separate heavier molecules). This temperature
range further ensures mechanical stabilization of the atomistic
membrane. Temperature control was achieved using a Berendsen
thermostat, with a damping parameter of 1.0 fs (10 time steps) to
maintain near constant temperature. All simulations are per-
formed using the massively parallelized modeling code
LAMMPS (http://lammps.sandia.gov/).*®

2.2 Geometry, gas mix, and boundary conditions

For the simulation configuration, an approximately square sheet
of graphdiyne (10.6 nm x 11.2 nm) serves as a mono-atomistic
membrane. The edges of the graphdiyne sheet were terminated
with hydrogen to ensure stability, similar to other all-carbon-
based structures.**** The membrane separates a gaseous mix of
H,, CO, and CHy, or syngas, (consisting of 400 H, molecules,
400 CO molecules, and 200 CH4 molecules, a molar ratio of
2:2:1, independently equilibrated at 300 K for 50 ps, or
500 000 integration steps) from a vacuum.

The initial gaseous mix (or “reservoir”) has a finite pressure,
and thus an implicit pressure gradient between the “reservoir”
and the “vacuum” that is temperature dependent. For example,
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at 300 K the reservoir pressure is approximately 5 atm. Using an
NVT ensemble for the simulations, volume and temperature
were kept constant, and as a result, the pressure at the “reservoir”
side (where the bulk of the gas remains) is free to change
throughout the simulation(s). This change, however, is minimal,
as the pressure is dominated by the much heavier CO and CH,
molecules, and the removal of a few H, molecules is effectively
negligible. Indeed, even at 500 K, less than 10% of the total H,
molecules pass the membrane (less than 1% of the gas admixture
by weight). Attempting to maintain constant reservoir pressure
with a finite number of atoms effectively prescribes a necessary
reservoir size (such that the removal of H, does not cause great
changes in pressure) as well as a limiting simulation time (such
that the amount of removed H, does not greatly change the
relative concentration). Compared to experimental values, the
ratio of methane used here is larger than typical, depending on
the syngas source.?”* Due to the prevalence of the simple reac-
tion pathway C + H,O — CO + Hj; in the pyrolysis of biodiesel
for example,” a 1:1 molar ratio of H, and CO, with the
combination thereof constituting the majority of the gaseous
mix, is deemed sufficient to delineate chemical permittivity.
Boundaries are periodic at the limits of the graphdiyne plane,
and fixed normal to the plane (depicted in Fig. 2). The upper/
lower boundaries induce a harmonic force, such that the mole-
cules reflect back towards the system upon contact.

3. Results and discussion
3.1 Temperature dependence

Upon simulation at finite temperature (300 K), hydrogen mole-
cules are able to intermittently traverse the graphdiyne
membrane, while the larger CO and CH,4 molecules are impeded.
Not all H, molecules successfully pass through the pores, sug-
gesting a nominal energy barrier. A recent investigation reported
a density functional theory (DFT) and transition state theory
(TST) study on gas diffusion through graphdiyne,'® and provided
the first predictions of the hydrogen diffusion rate and selectivity
to CH4/CO. However, due to the limitations of DFT, only the
energy required for single molecules directly traversing a graph-
diyne pore was delineated. Indeed, the energy barriers for H,, CO
and CHy passing through the graphdiyne pores were computed
to be 0.10, 0.33 and 0.72 eV, respectively.’® This barrier for H,
diffusion is relatively surmountable compared to CH,/CO, and is
much smaller than that across the previously published porous
graphene (on the order of 0.2 eV to 0.6 eV (ref. 32-35)).
Currently, the mechanical behavior of a much larger system of
graphdiyne-syngas, as well as the potential limiting effects of
a mixed gaseous system (e.g., involving H,—~CO-CH, interac-
tions) remains unknown and requires system scales larger than
accessible by DFT, suggesting the full atomistic molecular
modeling approach hence undertaken. Rather than character-
izing the energy barriers of individual molecules in isolation and
extrapolating the selectivity and gas diffusion rate via transition
state theory,'®*® full atomistic molecular modeling allow the
explicit measurement of diffusion rates across a range of finite
temperatures in larger systems (albeit still limited to nanoscale
dimensions). As such, an atomistic model more accurately

represents the stochastic nature of the physical system, providing
a statistical range of values.

Commonly, Knudsen diffusion® or molecular (Fickian)
diffusion® is used to quantify gas separation as most membranes
with finite thickness consist of relatively long pores (compared to
molecular diameter), and the mean free path of a traversing
molecule is a more relevant metric to describe permittivity.*?
Here, the filtration process consists of a single molecule
traversing a mono-atomistic membrane, theoretically described
by single, finite and constant energy barrier at the pore (depen-
dent on the target molecule). As such, diffusion can be success-
fully described by an Arrhenius relation, where 4 = Agexp[—Eo/
kgT], for which 4 is the diffusion rate, A, is the diffusion pre-
factor, E, the energy required to permeate (depicted schemati-
cally in Fig. 3A), kg the Boltzmann constant, and 7 the
temperature. In general, the Arrhenius relation accounts for the
temperature dependence on reaction rates. Here, we amend
the general relation to account for the discrete kinetic energy of
each molecule (where 2K = m?) and the relation between
temperature and kinetic energy is simply:

kgT = 2KI/(3N). )]

Here, K indicates the average kinetic energy of a sample of
molecules, N. Due to the assignment of atomistic velocities and
fixed thermostatting, the above relation holds for any arbitrary
subset of molecules. Rearranging as a function of temperature:

1 3N A 3N
Wl *2—thl (A_o) = *2—150111(71) + C(4o, Ey), (2

where C is a fitted constant, a function of 4y and E,. Here, we
explicitly calculate 7 in terms of the mass flux (g cm™2 s7") by
determining the total number of H, molecules passing through
the graphdiyne membrane for variations in temperature
(example shown in Fig. 3B for 7'= 500 K). We further note that
the mass flux, 7, is not a direct measure of successful passages
(e.g., the energy barrier defined by permeating a single molecule
through a single pore). Rather, 7 captures the quantity of H, that
completely escapes interaction with the graphdiyne plane and
thus successfully isolated from the syngas—membrane system.
For example, a H, molecule may pass through the plane, reverse
trajectories (due to thermal fluctuations) and permeate back to
the syngas “reservoir” — while successfully overcoming the energy
barrier, the molecule has not been isolated.

To measure the flux, the system is subject to finite temperature
for a time period of 50 ps, and the number of hydrogen mole-
cules, n, successfully escaping calculated. Again, aside from
computational efficiency, a relatively short time period is used as,
upon separation through the membrane, there is less concen-
tration of H, (due to the fixed number of atoms/molecules within
the system) among the syngas. Simulations are repeated four
times for each temperature (300 K, 350 K, 400 K, 450 K, and
500 K) to attain statistical variation, and an average flux, 7,
determined. The determined mass transfer ranged from7n = 7.3 g
cm2s'at300 K ton = 9.4 gecm—2s! at 500 K — an increase of
approximately 30%. Temperature dependence is determined by
plotting 1/kgT versus In(n) (see Fig. 3C). From the relation given
(eqn (2)), the energy barrier per hydrogen molecule is calculated
to be approximately 0.11 + 0.03 eV, in close agreement with
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Fig. 2 Schematic and model of membrane—gas system. (A) For the
simulation, a sheet of graphdiyne (10.6 nm x 11.2 nm) serves as a mono-
atomistic membrane, separating a gaseous mix of H,, CO, and CH, from
a vacuum (consisting of 400 H, molecules, 400 CO molecules, and 200
CH,4 molecules). Boundaries are periodic at the limits of the graphdiyne
plane, and fixed normal to the plane. The upper/lower boundaries induce
a harmonic force, such that the molecules reflect back towards the system
upon contact (closed system). During simulation, the number of
hydrogen atoms that permeate across the membrane are used to calculate

previous DFT results (0.10 eV). The small deviation can be
attributed to the thermal fluctuations of both the passing H,
molecule and graphdiyne sheet. It is noted however that this
“ground state energy barrier”, Ey, is the energy barrier for this
system (syngas at 5 atm separated from a vacuum, with
a Hy : CO: CHy4 ratio of 2:2:1). Depending on the stoichi-
ometry and imposed boundary conditions, what constitutes the
“ground state conditions” may vary. We further discern, from
the temperature—kinetic energy relation (eqn (1)), within a range
of 300 K to 500 K, the kinetic energy of molecules of CO and
CH, is on the order of 0.08-0.13 eV and 0.20-0.32 eV, respec-
tively — inadequate to surmount the energy barriers previously
reported (0.33 and 0.72 eV (ref. 16)), even assuming marginal
stochastic variation in molecular velocities. In terms of kinetic
energy, it would require temperatures on the order of 1100 K to
1300 K to provide CO and CHy sufficient energy to traverse the
membrane (on the order of the temperatures required for syngas
synthesis?*”?®), significantly increasing the energetic input for
efficient filtration. Hydrogen, in contrast, can successfully diffuse
at near-atmospheric (or room) temperatures (~300 K).

3.2 Force dependence

Aside from variation in temperature, we further consider that
the system can be potentially driven towards the membrane,
which serves to decrease the energy barrier for passage (similar
to Bell’s model®*>* applied to the unfolding of proteins,>-*¢ for
example) by:

©)

A(f) :Aoexp[—M}.

kg T

By smartly selecting the driving force, f, the energy barrier for
H, and CO or CHy4 can be surmounted by design (depicted in
Fig. 4A and B), allowing the selective isolation of H,, CO, and/or
CH,. Rearranging as a function of force yields:

7 ="Tn(o) + C(o, By 7). @

where again, C is a constant dependent on 4y, Ey, x, and T. For
this case, a constant temperature of 300 K is used, such that kg7
(or, similarly, the kinetic energy, K) is a constant. Again, we note
that the force effectively adds a bias to the system ground state,
and is dependent on initial conditions (volume, temperature,
stoichiometry, etc.). As an initial estimate of necessary force
magnitude, from the aforementioned DFT study, the distance
required to escape interaction with the graphdiyne sheet is on the
order of 4 A for H,. Letting f*x = Ey, and x = 4 A results in
a force on the order of 0.025 eV/A (approximately 40 pN) to
facilitate permeation of hydrogen (in the absence of tempera-
ture). As H, intermittently exceeds the energy barrier in the
absence of force (e.g., n = 7 gcm2s7! at a finite temperature of
300 K), the necessary force is less than the calculated value of
approximately 40 pN (indeed, all H, would pass at such a high
applied force). During simulation, forces were added to the

the mass flux, n. (B) Side view of full atomistic model (initial conditions at
t = 0). (C) Bottom view (from below graphdiyne membrane) of full
atomistic model (initial conditions at 1 = 0).
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Fig. 3 Temperature variation and energy barrier calculation. (A) Sche-
matic of the energy barrier required for H, to successfully pass through
graphdiyne; basis of the Arrhenius relation. (B) Simulation snapshot for 7’
=500K, =30 ps,n = 30 H, molecules. (C) Temperature dependence on
flux, n. Simulations are repeated at temperatures of 300 K, 350 K, 400 K,
450 K, and 500 K (crosses) to attain statistical variation, and an average
flux, 7 (7) determined (circles). From the relation given in eqn (2), the
energy barrier per hydrogen molecule is calculated to be approximately
0.11 £ 0.03 eV (variance of fit depicted by dashed lines).

molecules on the order of 0.5 to 3.0 pN to represent a controlled
pressure gradient within a range of approximately 100 to 500 kPa
(by a virial assumption that AP = V! S"#.-f, where F. is the

2 -1

s

Fig. 4 Variation of applied force at constant temperature (300 K). (A)
Application of addition force can reduce the energy requirement to
traverse the graphdiyne membrane, allowing the potential for selective
filtration at critical force levels. (B) Simulation snapshot for 7= 300 K
and a molecular force of f = 70 pN. Both CO and CH, successfully pass
the membrane along with H,. All hydrogen is driven through the
membrane. (C) Investigation of smaller force regime (up to approxi-
mately 3 pN) to quantify enhancement of hydrogen diffusion under
nominal forces (no passage of CO/CH4). Mass flux increased from
approximately 7 gcm s~ (f=0) to 20 gcm 2 s~! (f'= 2.8), representing
a marginal pressure difference, AP, of 500 kPa (~5 bar). The escape
distance for hydrogen, x, is calculated to be 9.5 + 1.4 A.

unit vector in the direction of the applied force), to enhance
successful permeation (Fig. 4C).

As anticipated, nominal additional force resulted in a higher
yield of H,, increasing the flux, 7, from ~10 gcm2s™' at /' =
0.7 pN to ~20 g cm 2 s ! at f = 2.8 pN. Moreover, the escape
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distance for hydrogen, x, was calculated to be 9.5 + 1.4 A, larger
than previously reported — however, due to the larger fluctuating
graphdiyne system, the presence numerous gas molecules, and
the definition of isolation, it is expected the membrane influence
(represented by x) would increase. At an applied force of
~14 pN, almost all of the hydrogen was successfully removed
from the initial syngas mix while CO/CH, where still impeded.
While delineation of rates becomes difficult to quantify (due to
all H, molecules passing in the limited molecular sample),
applied force was incrementally increased until both CO and
CH, successfully traversed the membrane. At a critical force
range of approximately 55 to 70 pN, CO molecules began to pass
the graphdiyne sheet, while a higher range of 70 to 85 pN was
required to initial permeation of CH,. Assuming an escape
distance, x, of similar magnitude to hydrogen (~10 A), and the
kinetic energy at 300 K, the energy barriers can be estimated
(where Ey = K + f-x), resulting in 0.42 to 0.52 eV for CO and
0.54 to 0.72 eV for CHy, again, in close agreement with previ-
ously reported DFT results (0.33 eV and 0.72 ¢V for CO and CHy4
respectively'®). Using the same virial pressure calculation, these
critical forces are equal to pressure differences on the order of
200 MPa — much higher than required for hydrogen gas. Once
more, hydrogen is successfully diffused at near-atmospheric
pressures (~100 kPa). It is noted, however, that for all cases, the
graphdiyne sheet maintained structural integrity, suggesting that
even high pressure separation could be mechanically feasible
(while requiring significantly more work to achieve).

Regardless of the current imposed conditions (e.g., molar
concentration of gases), the additional force can be considered an
energetic bias in addition to the finite temperature existing
pressure difference (between the “reservoir” and the “vacuum”),
both of which can serve to enhance hydrogen permittivity. While
such a bias effectively (and predictably) decreases the energy
barrier, a one-to-one mapping this effect into physical conditions
is more challenging (e.g., a pressure gradient would not impose
constant forces on each individual molecule). The key result is
that very little “push” is required (from an energetic perspective)
to enhance hydrogen filtration while segregating heavier mole-
cules, on the order of hundreds of kPa. In effect, the addition of
force (or pressure) quantifies the margin of variation which one
can filter hydrogen (another route, of course, being direct control
of temperature, also coupled with the gas pressure). Being said,
an effective applied (and additional) pressure difference of ~1
atm seems more energetically efficient than a temperature
increase of ~200 K (with comparable results).

4. Conclusion

Here, full atomistic molecular dynamics was employed to
observe the mechanism of diffusion of hydrogen molecules at
physical time scales and at finite temperatures and pressures,
allowing for the direct calculation of mass flux under stochastic
conditions. We have shown that, due to an intrinsic nanomesh
structure, atomistically large sheets of graphdiyne can be
potentially employed as a successful membrane for hydrogen gas
separation from a combined system of hydrogen, carbon
monoxide and methane — a gaseous admixture otherwise known
as syngas. Complementary to previous DFT investigations,'® we
have shown that the necessary energy for H, to traverse

a graphdiyne sheet can be attained at standard temperature and
pressure (STP) conditions (~300 K and ~100 kPa), suggesting
minimal energetic cost for such a membrane. By using finite
temperature MD simulations across a temperature range of 300
K to 500 K, we further indicate that graphdiyne acts as a barrier
to CO and CH,4 molecules. Permeation of hydrogen can be
successful described by the temperature-dependent Arrhenius
relation and extended to account for the application of force, in
a manner analogous to Bell’'s model, facilitating hydrogen
separation, and allowing the filtration of both carbon monoxide
and methane at defined pressure levels. In addition, for gas
separation applications, one of the critical issues is the mechan-
ical stability of membrane subject to repeatedly imposed pressure
differences. Such a concern is negated due to mechanical stability
of graphdiyne. Variation of pressure can trigger selective
permeation of syngas, acting as filter for H,, or allowing the
passage of CO and CH,. Being said, the promise of mono-
atomistic membranes still remains a challenge — even if graph-
diyne is highly selective of hydrogen, one cannot expect
a successful filtration system with 100 nm? membranes. As H,
purification is a vital step for the realization of a clean energy
economy, combined with recent success synthesis of graphdiyne,
such computational results lay the groundwork for compelling
new set of experiments that may test the limits of hydrogen
selectivity and novel up-scaling of such molecular filtration
techniques.
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