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In this work, we study diffusion of gases in porous amorphous carbon at high temperatures using
equilibrium molecular dynamics simulations. Microporous and mesoporous carbon structures are
computationally generated using liquid quench method and reactive force fields. Motivated by the
need to understand high temperature diffusivity of light weight gases like H2, O2, H2O, and CO in
amorphous carbon, we investigate the diffusion behavior as function of two important parameters:
(a) the pore size and (b) the concentration of diffusing gases. The effect of pore size on diffusion is
studied by employing multiple realizations of the amorphous carbon structures in microporous and
mesoporous regimes, corresponding to densities of 1 g/cm3 and 0.5 g/cm3, respectively. A detailed
analysis of the effect of gas concentration on diffusion in the context of these two porosity regimes is
presented. For the microporous structure, we observe that predominantly, a high diffusivity results
when the structure is highly anisotropic and contains wide channels between the pores. On the
other hand, when the structure is highly homogeneous, significant molecule-wall scattering leads
to a nearly concentration-independent behavior of diffusion (reminiscent of Knudsen diffusion).
The mesoporous regime is similar in behavior to the highly diffusive microporous carbon case in
that diffusion at high concentration is governed by gas-gas collisions (reminiscent of Fickian diffu-
sion), which transitions to a Knudsen-like diffusion at lower concentration. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4928633]

I. INTRODUCTION

Gas diffusion in porous media is a complex phenom-
enon that depends on various factors like pore size, pore
morphology, concentration of diffusing gas, and temperature,
among others. An understanding of the interplay of these
factors has important implications for many applications like
gas separation1,2 and gas transport in porous media.3–7 One of
the earliest models for gas diffusion in porous media is the
idealized, “dusty gas” model by Evans and Watson,8 where
the porous media was treated as giant dust molecules. Using
kinetic theory, they gave a theoretical basis for the pressure-
independent Knudsen diffusion and normal (Fickian) diffu-
sion. However, diffusion in complex porous media is often not
explained correctly using such idealized approximations.9,10

Molecular simulations appear to be powerful tools to under-
stand this complex phenomenon and it is possible to capture
the dynamics of gas diffusion accurately.11,12

The diffusion characteristics are predominantly dictated
by the pore size of the media. Porous solids are primarily
classified as either microporous if the pore diameter is less than
2 nm or as mesoporous if it is between 2 and 50 nm.3,13 The
physics of diffusion in the context of micro and mesoporous
diffusion is governed by the interplay of two kinds of molecular

a)Electronic mail: srujan.rokkam@1-act.com

collisions, namely, (a) collisions between molecules and (b)
collision between molecule and wall. Both mechanisms are,
in general, expected to show distinctly different behavior de-
pending on the pore size.12 In general, a porous structure with
a smaller pore size would have a greater ratio of molecule-wall
collisions to molecule-molecule collisions, in comparison to
structures with larger pore size. Adding another dimension to
this interesting phenomenon is the effect of gas concentration
(or alternately, the gas pressure assuming an ideal gas law) on
diffusion. A general trend in this regard is the decrease in self-
diffusivity with an increase in gas pressure as shown for diffu-
sion in carbon nanotubes4 and various crystalline materials
like zeolites,12,14 metal organic frameworks,5 and silicalite. In
some cases, unusual diffusional behavior arises due to special
gas-gas or gas-wall interactions. For example, Krishna and
van Baten15 observed unusual diffusional behavior in silica
mesopores due to molecular clustering. In general, the inter-
molecular and molecule-wall interactions together with the
porous structure of the host solid play a complex role that needs
to be understood to ascertain the diffusion characteristics.

Theoretical modeling of gas diffusion in porous media,
particularly in amorphous materials has attracted significant
attention over the years. MacElroy and Raghavan16 studied
diffusion of Lennard-Jones vapor (CH4) in model microporous
silica generated via a combination of Monte Carlo and molec-
ular dynamics (MD) steps and estimated gas diffusivities that

0021-9606/2015/143(8)/084701/12/$30.00 143, 084701-1 © 2015 AIP Publishing LLC
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agree reasonably with experiments. Sahimi and Jue17 studied
diffusion of molecules in model disordered porous media and
found that diffusivity follows an exponential decay relation
with the inverse of pore size. Lim et al.18 probed diffusion of
gases in an amorphous polymer (polyetherimide) and found
that diffusion of gas molecules follows two kinds of motion,
namely, oscillatory motions within the smaller cavities of the
polymer and hopping from one cavity of the polymer ma-
trix to another. Moore et al.19 found that anomalous diffusion
could occur at short time scales in disordered microporous car-
bon when molecules are trapped within pores. An interesting
observation with regards to concentration dependence of gas
diffusivity is that it could initially increase with gas pressure
due to more molecules being able to diffuse through larger
pores, followed by a transition to a decrease in diffusivity with
concentration, arising from greater intermolecular collisions.
Malek and Coppens20 probed the effect of surface roughness
of the matrix on gas diffusivity using Monte Carlo simulations
and found that an increased roughness results in a decrease
in self-diffusivity due to greater residence time of molecules
on the surface, especially when the pores are narrow. More
recently, Jiang et al.21 used MD simulations to characterize
dependence of gas selectivity on pore features (in particular,
pore connectivity) in amorphous organic cages and found that
diffusion in amorphous materials could be faster than its crys-
talline counterpart.

The focus of this work is to explain the characteristics
of gas diffusion, and in particular, its dependence on gas
concentration in microporous and mesoporous amorphous
carbon structures. Amorphous carbon structures in the form
of char are formed during pyrolysis of ablative materials used
in heat-shield applications like solid rocket motor (SRM)
nozzle. Understanding the diffusion characteristics of high
temperature combustion edge gases in such structures is crucial
to predict and optimize the performance of the heat-shield
material used in SRM.

Gas diffusion, in general, can be categorized into three
different types: (a) self-diffusivity, Ds arising from random
migration of molecules in the absence of any concentration
gradients, (b) transport diffusivity (or Fickian diffusivity) aris-
ing from presence of a concentration gradient (Fick’s law),
and (c) Maxwell-Stefan diffusivity that describes diffusion in
presence of a mixture of gases with different chemical poten-
tials. Simulation methodologies for obtaining the transport and
Maxwell-Stefan diffusivities have been dealt with in detail by
many researchers.6,12,14,22,23 In the present work, we concen-
trate only on self-diffusivity of simple gas molecules in amor-
phous micro and mesoporous carbon using equilibrium molec-
ular dynamics simulations. We are mainly concerned with
high-temperature diffusion of single component species where
adsorption plays a negligible role and thus primarily deals
with self-diffusivities. This scenario is of direct consequence
for interaction of gases with carbonaceous materials like abla-
tives24 and solid fuels.25 We consider amorphous carbon struc-
tures at two different densities of 0.5 g/cm3 and 1 g/cm3 with
pore sizes in the meso and microporous regimes, respectively.
From an analysis of molecular collisions, diffusion trajectories,
and calculated self-diffusivities, we explain the dependence of
diffusivity on gas concentration and the pore features. Further,

to ascertain the influence of randomness in amorphous struc-
tures, we investigate the diffusion behavior of H2 gas in multi-
ple realizations of the mesoporous and microporous regimes.

The organization of this paper is as follows. In Section II,
the simulation methodology consisting of the method of gener-
ation of porous structures used for diffusion simulations and
the computational framework for diffusion analysis is pre-
sented. Results for the characteristics of diffusion in micro and
mesoporous amorphous carbon are described in Section III.
Using multiple realizations of the two porous structures, our
key finding is that diffusion in mesoporous carbon is highly
anisotropic due to presence of large diffusion channels, which
leads to diffusivities that are one order of magnitude larger
than that in microporous carbon. For microporous carbon, two
regimes of diffusion could exist—a “highly” diffusive structure
that has wide channels for diffusion (similar to mesoporous
carbon) or a “low” diffusion structure that has a highly homo-
geneous distribution of pore wall that leads to much lower
diffusivities. Finally, the conclusions are presented in Sec-
tion IV.

II. SIMULATION METHODOLOGY

A. Generation of porous carbon structures

The model carbon structures used in this study were gener-
ated using the liquid-quench method26 and a reactive force
field, ReaxFF.27 The liquid quench method lends itself well
to model amorphous structures, especially amorphous car-
bon,28–30 gels,31 and inorganic oxides.32 ReaxFF is a reactive
potential, which uses the concept of bond order to model
the chemical interactions within a reactive system. The bond
order based definition of atomic and molecular interactions
excludes the need for predefined reactive sites (or reaction
pathways) and allows for description of dynamic bond break-
ing and formation. The ReaxFF force field parameters are
derived solely from quantum mechanics and provide an unbi-
ased representation of the reaction chemistry. Thus, ReaxFF
potentials can be directly applied to novel systems that may
not have been studied experimentally. Using the liquid quench
method in conjunction with ReaxFF allows us to effectively
model various amorphous carbon structures across a wide
variety of densities, encompassing char to glassy carbon to
diamond-like carbon. The steps involved in the overall pro-
cess are (a) start with carbon atoms (∼1200 atoms in total)
at random positions in a periodic cell, ramp the temperature
to a high value (10 000 K) and (b) a short equilibration at
10 000 K (15 ps) followed by (c) quenching the system to
3000 K over ∼200 ps. Following this, the system was (d)
annealed at 3000 K for 200 ps and finally (e) quenched and
equilibrated at 300 K. We used the ReaxFF force field for
hydrocarbons33 that has been used successfully to model reac-
tions in various forms of carbon like graphene34 and carbon
nanotubes.35 Since ReaxFF is computationally expensive, we
are limited by the total simulation times for reasonably large
structures. The current simulation time-spans yield reasonable
models of amorphous carbon for both mesoporous and micro-
porous regimes to study the effect of porosity on diffusion and
do not have a direct bearing with any physical process. Such
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FIG. 1. Snapshots of (a) 0.5 g/cm3 mesoporous carbon, (b) 1 g/cm3 microp-
orous carbon, and (c) triply replicated and H-passivated 1 g/cm3 char with
50 O2 molecules (O2 shown in red). Structures were generated using the
liquid-quench method with the ReaxFF potential.

fast quench rate has been routinely employed in simulations
to keep computational time feasible.28,36 The temperatures and
simulation protocol chosen were similar to the work of Shi30

who used the liquid quench method with the RSS reactive
potential to model amorphous carbon.

Two representative structures for the two densities of
0.5 g/cm3 and 1 g/cm3 are shown in Figures 1(a) and 1(b),
respectively. For both structures, the system comprised of
about 1200 carbon atoms with the predominant hybridization
being sp2 (∼85%). Our amorphous carbon models exhibit
similar structural features as compared to a multitude of
models from the literature.29,30,37–39 As a final step in the
structure generation, all unsatisfied valencies of carbon were
passivated by addition of hydrogen atoms. To characterize
these amorphous carbon structures, a brief discussion on their
structural and pore features is provided below. A more detailed
analysis of this scheme including structural and thermal char-
acterizations of the carbon structures is a subject of a separate
publication.40

FIG. 2. Pore size distribution for a 0.5 g/cm3 (mesoporous) carbon structure
and a 1 g/cm3 (microporous) carbon structure, as calculated using the Zeo++
code.

To characterize the pore sizes of these model structures,
we find the pore size distribution (PSD) using the tool Zeo++,41

which uses Voronoi decomposition for describing the pore
geometry. The Zeo++ code considers a probe molecule and
bins the accessible pore diameters for the probe, into a his-
togram. In this work, we use a probe radius of 1.2 Å to find the
PSD. Figure 2 shows the PSD for two sample structures—one
0.5 g/cm3 and the other 1 g/cm3, used in the present study.

In total, we generated six realizations of the mesoporous
and eleven realizations of the microporous amorphous carbon
(see the supplementary material42 for visualization of the final
structures). The average pore diameters of the 0.5 g/cm3 and
1 g/cm3 structures were found to be 2.706 ± 0.168 nm and
1.422 ± 0.166 nm, which fall under mesoporous and micro-
porous regimes, respectively.13 From the accessible volume
of the two structures calculated using Zeo++, the porosity
was found to be 0.639 ± 0.017 and 0.306 ± 0.020, respec-
tively. Henceforth, these structures would be referred to as
the mesoporous and microporous structure, respectively. We
also note that the pores in both the micro and mesoporous
structures are well connected with no inaccessible channels
for the diffusing gases. Shown in Figure 3 are the accessible
pore volumes (colored green) for one realization of micropo-
rous and mesoporous carbon computed using Zeo++. We find

FIG. 3. Accessible pore volume (colored green) com-
puted with a probe size of 1.2 Å using Zeo++ in (a)
1 g/cm3 microporous carbon and (b) 0.5 g/cm3 meso-
porous case. The inaccessible pore volume is noted by
a red volume, for example, a tiny speck at the center of
1 g/cm3 case. The carbon atoms of the porous structure
are shown in blue color. As seen, all the voids are well
connected for providing diffusion channels for all the
molecule sizes under consideration in this work.
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that inaccessible pore volume is negligibly small for both the
structures (as shown by a tiny red speck in the center of the
microporous case). A probe radius of 1.2 Å was used such
that the accessible volume is valid for all the gases considered.
Thus, our structures do not prevent molecules from getting
trapped in a certain pore indefinitely.

B. Model interaction parameters

Performing diffusion simulations of gases in these struc-
tures does not require use of reactive force field and thus,
after the synthesis of the model structures, we switched to a
much more computationally efficient, non-reactive, all-atom
force field Polymer Consistent Force Field (PCFF).43 This
force field includes three and four-body angle and torsion
interactions, in addition to bond-stretching and non-bonded
Lennard-Jones (6-9) interactions. All two, three, and four body
interaction terms were obtained from Ref. 43. The Lennard-
Jones interaction parameters for like atom pairs are listed in
Table I. The cutoff for non-bonded interactions was set as
10 Å and the hybridization of carbon was set as sp2. We then
introduce various gas species in a triply replicated, passiv-
ated structure as shown in Figure 1(c) for the case of 50 O2
molecules in the 1 g/cm3 structure. The replication step was to
ensure sufficient statistics; since our structures are periodic, the
choice of replication direction itself was found to not play any
role in diffusion (diffusion coefficients calculated for different
replication directions were found to differ by less than 1%). All
simulations were performed using the LAMMPS code.44

C. Computational framework

Using MD simulations, the self-diffusivity Ds of various
gases in micro and mesoporous carbon was calculated. Diffu-
sion constant is usually calculated using two equivalent ap-
proaches: (a) integral of the velocity autocorrelation function
(VACF) of the diffusing species and (b) slope of the mean-
squared displacement (MSD) plotted as a function of time
(Einstein’s relationship). Both approaches are equivalent in the
thermodynamic limit with enough statistics.45 The correspond-
ing formulae are given by Eqs. (1) and (2), respectively,

Ds (c) = 1
3

 ∞

0
⟨v (0) v(t)⟩ dt, (1)

Ds (c) = 1
6t

|r (t) − r (0)|2 . (2)

In the present work, we have used the VACF method to calcu-
late Ds. The complete shape of the VACF provides information

TABLE I. Non-bonded interaction parameters.

Atom pair ε (kCal/mol) σ (Å)

C–C 0.0640 4.010
H–H 0.0200 2.995
O–O 0.0600 3.535
C–H 0.0254 3.669
C–O 0.0578 3.809
O–H 0.0308 3.319

about the nature of the atomistic dynamics, especially at the
short time-scale regime, where back-scattering from the wall
results in a negative “hump.”

The simulation methodology involves equilibrating the
entire system (carbon wall and gas molecules) initially in an
NVT ensemble at the target temperature (350–1750 K) using
a Berendsen thermostat (damping constant of 1 ps) for 1 ns.
This was followed by production runs, where only porous
material carbon atoms were thermostatted at the target temper-
ature. The carbon wall is thus flexible, which is necessary to
prevent the unphysical ballistic motion of molecules if the
wall is completely rigid, especially at low gas concentrations,
where diffusive motion arises only from gas-wall collisions.46

Simulations were performed for about 0.5 ns for the highest gas
concentration and for about 5 ns for the lowest concentration
to achieve good convergence of the diffusion constants. A time
step of 0.5 fs was used for all the simulations. Atomic velocity
data were collected every 25 fs. Velocity of the center of mass
of molecules was used in the computation of VACF. Such
high-frequency data collection was sufficient for accurately
capturing diffusion processes, considering that characteristic
collision times were an order of magnitude larger. We used the
Fast Fourier Transform (FFT) method47 for efficiently comput-
ing the VACF.

An extensive set of simulations for gas diffusion in the
1 g/cm3 structure (microporous) was carried out, where self-
diffusion constants of the gases H2, O2, H2O, and CO were
calculated for four different temperatures of 350, 750, 1250,
and 1750 K. The choice of these gases and temperatures was
motivated in the context of amorphous carbon (such as char
resulting from pyrolysis of ablative composites used in thermal
protection systems) interacting with gases from atmosphere
and oxidizing fuel (as in exhaust nozzle of the solid rocket mo-
tors).48,49 The number of gas molecules considered are 10, 20,
50, 100, and 300 molecules such that, when normalized by the
accessible volume, translates to gas concentration, c, ranging
from about 1 kmol/m3 to 22 kmol/m3. For comparing the diffu-
sion characteristics with the low-density (0.5 g/cm3) meso-
porous structure, similar simulations were performed with H2
gas. Subsequently, both these cases are compared with diffu-
sion in pure gas system. Finally, we consider diffusion of
H2 in multiple realizations of both micro and mesoporous
structures to understand the effect of randomness of the amor-
phous structures. This entire set of system properties consid-
ered in order to understand the characteristics of diffusion in
porous structures is given in Table II. It is to be noted that we
focus on the high temperature regime where the effects of the
gas adsorption and surface diffusion are negligible. This was

TABLE II. System parameters varied to study diffusion mechanisms of
gases.

System Gases considered Temperature Gas concentration

1 g/cm3

(microporous carbon)
H2, O2, H2O, CO 350–1750 K 1–22 kmol/m3

0.5 g/cm3

(mesoporous carbon)
H2 350–1750 K 0.2–6 kmol/m3

Free gas H2 350–1750 K 0.6–18 kmol/m3
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FIG. 4. Velocity autocorrelation function (VACF) plots for diffusion of 300
H2 molecules in three different scenarios—(a) free gas diffusion (red circles),
(b) 0.5 g/cm3 mesoporous carbon (blue squares), and (c) 1 g/cm3 microporous
carbon (green triangles). The temperature under consideration is 1750 K.

verified by computing the radial distribution function between
carbon and gas atoms, during the diffusion simulation. We
observe no local ordering even for the highest concentration
and lowest temperature (350 K) used in this study. In fact, the
carbon-gas interaction needs to be increased by 8 times from
our standard value to start observing adsorption effects (see the
supplementary material42 for more details).

III. RESULTS AND DISCUSSION

A. Characteristics of diffusion in porous material

In this section, the effect of gas concentration on gas diffu-
sion in meso and microporous material is discussed. Diffusion
constants were calculated using the VACF method for various
gas concentrations and temperature (as given in Table II) for
three cases—(a) diffusion in 1 g/cm3 (microporous) carbon, (b)
diffusion in 0.5 g/cm3 (mesoporous) carbon, and for a compar-
ative study, (c) diffusion of free gas in the absence of any
external media. The characteristic diffusion mechanisms are
expected to be quite different for the three cases due to the addi-
tional scattering effect due to the presence of the porous carbon
matrix. In the presence of carbon wall, the molecules typically
collide with the wall, in addition to inter-molecular collision.
This is reflected in the behavior of the VACF, as shown in

Figure 4, evaluated for 300 H2 molecules (corresponding to
the highest gas concentration considered) at 1750 K for all
the three cases. The microporous (1 g/cm3) structure leads
to an extremely fast decay of the VACF as compared to the
other two cases. In fact, the VACF exhibits a negative hump
which is associated with back-scattering of molecules from the
carbon wall, similar to the results of MacElroy and Raghavan16

for the case of diffusion in microporous silica. In the case of
mesoporous structure, the negative hump is less pronounced
and occurs at later times. The free gas case on the other hand
does not show a negative hump.

The converged value of the running integral of VACF
gives the self-diffusion coefficient according to Eq. (2). Such
a sample running integral plot for diffusion of 300 H2 mole-
cules in microporous carbon is shown in Figure 5. As can be
seen in Figure 5(a), good convergence in the running inte-
gral was typically seen within roughly 30 ps for the highest
concentration (containing 300 molecules) and about 100 ps
for the lowest concentration (with 10 molecules) considered.
Figure 5(b) shows the initial portion of the running integral
where a characteristic peak appears that corresponds to the
negative hump of the VACF. We call the position of this peak,
the characteristic time, τc, for the average duration spent by a
molecule before colliding with the wall. A well-defined τc was
obtained for diffusion of all the four gases (H2, O2, CO, and
H2O) in microporous carbon. For mesoporous carbon, on the
other hand, the gas-wall collision was much less prominent as
seen in Figure 6, where the running integral for the lowest and
highest gas concentrations is shown for various temperatures.
The peak corresponding to τc was prominent only for large
concentrations and at higher temperatures. This indicates that
the back-scattering effect from wall competes with intermolec-
ular collisions at higher concentrations.

B. Diffusion in microporous structure

In this section, a detailed analysis of diffusion of gases
(H2, O2, H2O, and CO) in one realization of the 1 g/cm3

microporous carbon structure is presented. Shown in Figure 7
is the concentration dependence of (a) diffusion constants
(D) on the left panels and (b) the characteristic time (τc) on
the right panels for all the four gases considered. In general,
diffusion is expected to increase with decreasing concentration
due to smaller scattering frequency and longer mean free paths.
However, the observation is that D is largely independent of
concentration. For the case of H2 (Fig. 7(i-(a))), there is an

FIG. 5. (a) Running integral of VACF
for the case of diffusion of 300 H2
molecules in 1 g/cm3 microporous car-
bon for a range of temperatures. (b) Ini-
tial portion of the running integral from
part (a) shown magnified. The peak po-
sition corresponds to the characteristic
time, τc for collision of molecules with
the wall.
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FIG. 6. Running integral of VACF in
mesoporous carbon for various tem-
peratures. (a) N = 10 molecules (cor-
responding to c = 0.18 kmol/m3)
and (b) N = 300 molecules (c =
5.54 kmol/m3). The characteristic spike
at τc is seen clearly only for the highest
concentration (panel (b)).

initial sharp decrease in D followed by virtually no change
in D with concentration. The relatively high diffusivity of H2
at low concentration is not well understood at the moment.
We speculate that new channels for pore-to-pore diffusion
are opened at low concentrations as a consequence of signif-
icant reduction in intermolecular collisions. The magnitude
of diffusivity, however, agrees well with the work of Jiang
et al.,21 who found the average self-diffusivity of H2 in various
amorphous carbon cage assemblies at density of 0.9 g/cm3

to be about 1.7 × 10−8 m2/s at 300 K. For O2 (Fig. 7(ii-(a))),
we found that D actually increases gradually with c. This is
a distinctly different behavior for concentration dependence
in that the presence of an external microporous matrix could
actually lead to an increase in diffusivity with concentra-
tion. This was also observed in diffusion of small hydrocar-
bons in mesoporous silica15 and the reason for this behavior
was attributed to molecular clustering. Both H2O (Fig. 7(iii-
(a))) and CO (Fig. 7(iv-(a))) show an almost constant diffu-
sivity with increasing concentration. The nearly concentration-
independence of diffusivity arises from the microporous nature
of wall that leads to significant gas-wall collisions.

Figure 7 (right panels) also shows the variation of the
characteristic time, τc as a function of concentration. We
observe that in general, τc decreases almost monotonically
with increasing concentration for all the four gases. This is due
to quicker gas-wall collisions arising from a higher frequency
of gas-gas collisions at higher concentrations. τc is seen to be
of the order of 1 ps for O2, H2O, and CO and about 0.2–0.4 ps
for H2, depending on the temperature.

To capture the combined effect of temperature and the gas
pressure (which depends on the gas concentration) on diffu-
sion, we construct three-dimensional “diffusion maps” that are
surface plots of D as a function of temperature and pressure.
Shown in Figure 8 are the diffusion maps for the four different
gases diffusing in microporous carbon. The gas pressure was
computed from the ideal gas law,

PVfree = NRT , (3)

where the volume, Vfree is the free, porous volume available
for the diffusing gases. Increasing temperature was seen to
increase D, with the maximum increase going from 350 K to
1750 K being typically about 2 times for H2 and about 3-5 times
for O2, H2O, and CO, depending on the concentration. Pressure
on the other hand, being directly proportional to concentration,
was seen to have a very negligible effect on D. For H2, D is

constant with decreasing pressure and it only increases for
a very low pressure of ∼3 atm (corresponding to 10 mole-
cules). While O2 showed a continuously decreasing diffusivity
with pressure for all temperatures, H2O and CO were seen
to show negligible pressure dependence with small fluctua-
tions at intermediate pressures. Diffusion maps such as these
can aid in estimation of diffusivity at arbitrary intermediate
temperatures and pressures by interpolation. We note that the
diffusion behavior reported in Figure 7 corresponds to a unique
‘low diffusion’ regime. The classification of low and high
diffusion regimes based on structural features is discussed in
Section III C.

C. Effect of porosity and structural features

In Section III C 1, we characterize the diffusion behavior
in microporous and mesoporous carbon and in Section III C 2,
we report the structural aspects of the carbon matrix, which
could lead to anisotropic diffusion in certain directions.

1. Diffusion in meso- and micro-porous carbon

Porosity of the matrix is expected to play a huge role in
diffusion of gases. A mesoporous structure with larger pore
size would lead to far fewer gas-wall collisions in comparison
to a microporous structure. On the other hand, a mesoporous
structure is still expected to show significantly lower diffusion
than free gas where the only scattering mechanism is the inter-
molecular collisions. To compare the effect of pore structure
on diffusion, we investigate the diffusion characteristics of H2
gas at various gas concentrations and temperatures in three
scenarios: (i) microporous carbon, (ii) mesoporous carbon, and
(iii) free gas. An important consideration while comparing
diffusivity across these structures is the need to obtain suffi-
cient statistics by averaging across multiple realizations of the
amorphous structure. We consider the case of H2 diffusion at
750 K and 1750 K in a total of six distinct realizations of
mesoporous carbon and eleven realizations of the microporous
carbon structures, following the same simulation protocol to
generate the structures as before. Simulations were also per-
formed for the case of free gas (without the carbon matrix) at
these concentrations and temperatures, for comparative pur-
poses. The volume of simulation cell used for the free gas
simulations was kept similar to the free volume, Vfree in micro
and mesoporous structures (refer Eq. (3)).
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FIG. 7. Figures depicting diffusion be-
havior in 1 g/cm3 microporous carbon.
Self-diffusion constants (D) are plotted
as a function of concentration (left, (a))
and characteristic time, τc for gas-wall
collision is plotted as a function of con-
centration (right, (b)) for four different
gases—(i)–H2; (ii)–O2; (iii)–H2O, and
(iv)–CO.
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FIG. 8. Three-dimensional diffusion
maps showing variation of diffusion
constant (D) as a function of temper-
ature and pressure for four different
gases—(a) H2, (b) O2, (c) H2O, and (d)
CO for the case of 1 g/cm3 microporous
carbon.

The averaged diffusivities with the appropriate error bars
for all these cases are presented as a function of inverse concen-
tration, c−1 in Figure 9. For microporous diffusion, our model
structures fall under two distinct diffusion regimes—they are
either a “highly diffusive” structure as shown in panel (a) or a
“low” diffusivity structure (panel (b)). The former case (highly
diffusive) was seen to be the most prevalent with nine out of the
eleven realizations corresponding to this case. As seen from
the figure, the highly diffusive structure exhibits a 3 to 4 fold
increase in diffusivity compared to the low diffusion structure.
The latter case also shows negligible concentration depen-
dence for diffusivity. On the other hand, the mesoporous struc-
ture was seen to exhibit an order of magnitude higher diffu-
sivity (panel (c)) as compared to the microporous case. This is,
however, still an order of magnitude lower diffusivity than the
free gas case (panel (d)). More interesting to note is the depen-
dence of D on concentration for the three cases. While the
“low” diffusivity microporous carbon shows nearly concen-
tration independent diffusivity except for very low concen-
tration (at highest c−1 value, refer panel (b)), diffusion in the
“highly” diffusive microporous carbon and mesoporous carbon
was seen to strongly increase with decreasing concentration
initially, followed by a gradual increase and saturation. The
free gas case on the other hand shows a continuous linear
increase in D with decreasing concentration.

It is well known that D is inversely proportional to concen-
tration for pure gas diffusion arising from the inverse propor-
tionality relation between mean free path and gas density and
this was indeed verified by fitting a power law relation of the

form D = kc−n for the data in Figure 9(d), where the exponent
n was found to be very close to 1. For the mesoporous carbon
case, the initial sharp increase in D with decreasing concen-
tration is believed to be from a more free gas like behavior
wherein inter-molecular collisions are more dominant than
gas-wall collisions. This is a direct consequence of the larger
pore volume as compared to the microporous carbon case.
With a further decrease in concentration, however, the effect of
gas-wall collisions increases and as a result, the concentration
dependence significantly decreases akin to the “low” diffusion
microporous carbon case.

2. Influence of structural anisotropy

Understanding concentration dependence of diffusion in
the context of structural features of the matrix has been a classic
problem explored in a variety of materials, most notably, in ze-
olites.50 Quite a few studies have shown that the transport diffu-
sivity (Fickian diffusion) in zeolite-gas systems could either
increase, decrease, or remain independent of gas concentration
depending on several factors.14,50 Self-diffusivity, on the other
hand, has been observed to increase with concentration only
in systems which have strong gas adsorption (for example, gas
diffusion in zeolites51) or relatively small pore sizes, where
molecule-wall collisions are significant.52 For the simulations
presented in this work, gas adsorption is negligible (as noted in
Section II C and supplementary material42). Thus, our results
of decreasing self-diffusivity with increasing concentration
for the case of mesoporous and “highly” diffusive micropo-
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FIG. 9. Self diffusion constant plot-
ted as a function of inverse concen-
tration for the case of H2 diffusing in
(a) “highly” diffusive microporous car-
bon; (b) “low” diffusion microporous
carbon; (c) mesoporous carbon; and
(d) free gas at two temperatures. Length
of error bars is equal to the standard
deviation.

rous structures are consistent with the reported literature. For
the “low” diffusion structure, as seen before, diffusivity is
concentration-independent for a wide range of concentrations
and increases only for very low concentration (Figure 9(c)). We
attribute this to the effect of small pore sizes, where molecule-
wall collisions are the predominant scattering mechanism.

To understand the observance of two diffusion regimes in
microporous carbon, there is a need to assess the manifestation
of structural features on the computed diffusivities. In general,
pore-morphology and the manner in which pores are connected
can significantly influence diffusion mechanisms. To ascertain
the structural features responsible for these distinct concentra-
tion dependences, we compute the x, y , and z components of
the VACF running integral separately for one representative
structure for all three cases. These running integrals along

with snapshots of the structure along the 3 axes are shown
in Figure 10 for the case of mesoporous carbon. The projec-
tions of the atomic snapshots along the x, y , and z axes are
denoted by the outward pointing vector symbol (⊙). Similarly,
Figures 11 and 12 show the running integrals for the case of
“highly” diffusive and “low” diffusion microporous carbon,
respectively. One can observe that for mesoporous and highly
diffusive microporous cases, there are wide diffusion channels
along certain axes (absence of carbon wall to prevent molecule-
wall collisions) that result in significantly anisotropic diffu-
sion. The diffusion along these channels is also large owing to
relatively unhindered motion, especially at low concentrations.
This is different from the “low” diffusion microporous case,
where the pore walls are distributed more homogeneously
(in three dimensions), resulting in significant molecule-wall

FIG. 10. Anisotropic diffusion in
mesoporous carbon (replicated along
x axis). Projections of the amorphous
carbon structure along different axes
(left) and the accompanying diffusion
constants. The symbol (⊙) represents
axis vector pointing out of the page
(normal to the plane).
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FIG. 11. Anisotropic diffusion in high-
diffusion regime microporous carbon.
The selective presence of diffusion
channels along the x-axis leads to sig-
nificantly larger diffusion in that direc-
tion.

scattering along all three axes. This in turn leads to a rela-
tively isotropic, low diffusion that is largely concentration-
independent (Knudsen-like diffusion).

The VACF data and τc also enable us to calculate the
average flight distance of molecules before back-scattering
from the wall. The average velocity of the molecules is taken
as the square root of the initial data point of VACF. Assuming
an initial ballistic motion, the average flight distance to wall,
davg is given to a first approximation by

davg =
⟨v(0)v(0)⟩ × τc. (4)

Shown in Figure 13 is the variation of davg with concentration
of H2 gas (in terms of number of molecules) for both meso
and microporous structures, at 1750 K. For the microporous
case, two structures are considered, corresponding to the low
and high diffusion regimes as noted before. For comparative
purposes, the davg data are normalized by the davg at lowest
concentration for each case. An interesting observation is that
both meso and microporous structures show similar trends
with gas concentration, with the mesoporous structure show-
ing davg, that is, a factor of about 4.5 larger than the low-
diffusion microporous structure. Likewise, davg of mesoporous
carbon is about 2.8 times larger than the high-diffusion micro-
porous structure. In other words, the molecules diffusing in
mesoporous carbon have to travel larger distances than the
microporous case. These factors are also seen to be very close
to the ratio of free surface areas (calculated using Zeo++,
assuming a spherical pore) for the two cases, which are equal
to 4.7 (low diffusion microporous) and 2.6 (high diffusion
microporous). This dependence of the average flight distance

(to backscattering) on the pore surface areas indicates that the
effect of gas-wall collisions is predominant, a characteristic of
Knudsen like diffusion behavior.

D. Comparisons with analytically determined
Knudsen and normal diffusion

The concentration-independent nature of diffusion in
microporous structures hints strongly at a Knudsen diffusion
like behavior. For mesoporous diffusion, the concentration-
independence begins to appear for lower concentrations. A
comparison of the computed diffusivities (MD based) with
the analytically prescribed Knudsen and normal diffusivities
is presented in this sub-section. The Knudsen diffusivity, DK

52

for a pore of diameter dp, and a molecule of mass, M can be
obtained according to Eq. (5). This analytical relation leads
to the diffusivities (DK) of the order of (5-20) ×10−7 m2/s
for microporous carbon and about 4.10 × 10−6 m2/s for meso-
porous carbon. These values are lower by a factor of roughly
20-30 for the microporous carbon and 2-3 for the mesoporous
carbon (as shown in Figures 9(a) and 9(b)),

DK =
dp

3


8RT
πM

. (5)

Such an over-prediction by Knudsen equation has been
observed for gas diffusion in porous media,15,53 with the error
attributed to the incorrect assumption of purely diffuse scatter-
ing between the gas and wall. For a more rigorous treatment of
Knudsen diffusion, one needs to take into account the surface

FIG. 12. Diffusion in low-diffusion
regime microporous carbon showing
greater isotropic diffusion compared to
the highly diffusive case (refer Fig-
ure 11) owing to more homogeneity
in distribution of pore walls along the
three axes.
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FIG. 13. Variation of normalized average flight distances, davg, before
backscattering from wall for a mesoporous and two microporous structures
(low and high diffusion regime structures), as a function of number of
molecules of H2 gas at 1750 K. The actual davg for each structure was
observed to be proportional to the ratio of free surface areas.

roughness and pore tortuosity,9,20 which are beyond the scope
of this work.

In general, the effect of both the gas-gas collisions contrib-
uting to the normal (Fickian) diffusivity, DN and the gas-wall
collisions leading to the Knudsen diffusion can be combined in
to an interpolation formula known as the “Bosanquet relation”8

to obtain the effective diffusivity, Deff as per the following:

1
Deff
=

1
DN
+

1
DK

. (6)

Applying the Bosanquet relation to the case of H2 diffusion in
microporous carbon leads to Deff of about 70 × 10−8 m2/s and
120 × 10−8 m2/s at 1750 K for the highest and lowest concen-
trations considered, respectively. As in the case of analytically
estimated Knudsen diffusivity value, we see the estimation of
Deff from Bosanquet relation also over-predicts the simulation
results by a factor of 10 to 15 for the low diffusion microporous
structure and by a factor of about 3 for the highly diffusive
microporous structure. On the other hand, for mesoporous car-
bon, the Bosanquet relation yields Deff of about 88 × 10−8 m2/s
and 365 ×10−8 m2/s for the highest and lowest concentrations,
which are much closer to the values from simulation (found
to be ∼160 × 10−8 m2/s and ∼331 × 10−8 m2/s, respectively)
in comparison to microporous case. The better approximation
for the effective diffusivity in mesoporous media simply stems
from the fact that as concentration increases, the contribution
of Knudsen diffusivity to the Bosanquet relation becomes less
significant.

IV. CONCLUSIONS

In the present work, we have studied the mechanism of
diffusion of gases in microporous and mesoporous amorphous
carbon using molecular dynamics simulations. Porosity and
pore connectivity are seen to play a major role in the diffu-
sion characteristics of the gases under consideration. Diffu-
sion in a structure of 1 g/cm3 density microporous carbon
was found to be of the order of (2–40) ×10−8 m2/s, which is
approximately an order of magnitude lower than diffusion in a

structure of 0.5 g/cm3 mesoporous carbon and about two orders
of magnitude lower than pure gas diffusion. Using multiple
realizations of the structures (11 for the microporous case and
6 for the mesoporous case) generated via the liquid quench
method, we compute the self-diffusivity of H2 molecules at a
range of concentrations and temperatures. We observe that for
microporous carbon, two scenarios of gas diffusion could arise,
depending on the structure—(a) a “highly” diffusive structure
where diffusion is predominantly anisotropic due to presence
of wide channels for diffusion resulting in significantly high
diffusivities (∼20–40 × 10−8 m2/s). Nine of the eleven struc-
tures show this behavior and (b) a “low” diffusion structure
(shown by two realizations) that was observed to have a rela-
tively homogeneous distribution of pore features, resulting in
low diffusivities that are also relatively isotropic and largely
concentration-independent. For both “highly” diffusive micro-
porous carbon and mesoporous carbon (which is anisotropic as
well), diffusion was seen to initially increase with a decrease
in gas concentration, followed by a very gradual increase as
function of inverse concentration. Such a behavior is attributed
to significant gas-wall collisions in the case of low-diffusion
microporous structure compared to a much weaker contribu-
tion of gas-wall collisions for the highly diffusive microporous
and mesoporous structures. In addition, for the microporous
case, self-diffusivity of various gases like H2, O2, H2O, and
CO was computed for the low diffusion structure at different
temperatures (350 K–1750 K) and was seen to be nearly inde-
pendent of gas concentration. We note that the average flight
distance of gas molecules before back-scattering from the car-
bon wall is proportional to the free surface areas, illustrating
dominance of Knudsen type gas-wall collisions. It is found
that Knudsen relation significantly over-predicts the diffusion
estimates for the microporous case, an observation consistent
with previous reports. Diffusivities estimated using the Bosan-
quet relation overestimate for the microporous carbon but pro-
vide a good approximation for the mesoporous case. Further,
three-dimensional “diffusion maps” that show the simulta-
neous dependence of diffusion constants on temperature and
gas pressure were constructed, which could aid in establishing
diffusion constants at arbitrary temperatures and pressures.
Such diffusion maps could be used while performing higher-
length scale computational fluid dynamics simulations of phe-
nomena involving gas diffusion in porous carbons (reminiscent
of ablative char). The study presented from the point of view of
structural features of the amorphous carbon is expected to hold
true for other micro and mesoporous amorphous structures
and could aid in prediction of concentration dependence of
diffusivities.
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