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ABSTRACT: Motivated by the substantial interest in various �llers to enhance the barrier properties of polymeric �lms,
especially graphene derivatives, we perform a computational screening of obstructed di�usion to explore the design parameter
space of nanoplatelet-�lled composites synthesized in silico. As a model for the nanoplatelets, we use circular and elliptical
nonoverlapping and impermeable �at disks, and di�usion is stochastically simulated using a random-walk model, from which the
e�ective di�usivity is calculated. On the basis of �1000 generated structures and di�usion simulations, we systematically
investigate the impact of di�erent nanoplatelet characteristics such as orientation, layering, size, polydispersity, shape, and
amount. We conclude that the orientation, size, and amount of nanoplatelets are the most important parameters and show that
using nanoplatelets oriented perpendicular to the di�usion direction, under reasonable assumptions, with approximately 0.2%
(w/w) graphene, we can reach 90% reduction and, with approximately 1% (w/w) graphene, we can reach 99% reduction in
di�usivity, purely because of geometrical e�ects, in a defect-free matrix with perfect compatibility. Additionally, our results
suggest that the existing analytical models have some di�culty with extremely large aspect ratio (extremely �at) nanoplatelets,
which calls for further development.
KEYWORDS: composites, nanoplatelets, di�usivity, graphene, computational screening

1. INTRODUCTION
There is substantial interest in nanoplatelet-�lled (bio)-
polymeric composites because of their barrier properties for
obstructing the transport of gas, vapor, and liquid. We are
concerned in particular with graphene and graphene derivatives
for their potential of enhancing barrier properties, which some
of the authors currently investigate experimentally.1�3

Graphene, a 2D carbon monolayer forming a hexagonal lattice,
possesses exceptional mechanical, thermal, and optical proper-
ties, high crystal and electronic quality, and extremely high
surface area.4,5 Graphene and its many derivatives have
emerged as some of the most highly promising material classes
of the future, with applications in energy storage,6 electronics
and optoelectronics,7 biological and chemical sensors,8 environ-
mental decontamination and water desalination,9 and many
others.10 There is a rather comprehensive literature on
graphene/polymer nanocomposites and their permeability.

This covers many di�erent types of polymers, e.g., poly(lactic
acid), poly(ethylene terephthalate), poly(vinyl chloride),
polystyrene, cellulose, poly(vinyl alcohol), and poly-
(ethylenimine), and many di�erent types of graphene
derivatives, e.g., graphene, various forms of (reduced) graphene
oxide, and exfoliated graphite. A plethora of processing
conditions and weight/volume fractions lead to reported results
on a reduction in the (gas) permeability ranging from a few
percent to above 99.94%. The amount of reduction depends on
the chemistry as such but also on purely geometrical
characteristics such as the heterogeneity and orientation of
the graphene-based obstacles in the polymer matrix, determin-
ing the degree of tortuosity, i.e., the lengths of the di�usive
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pathways through the material.11�32 In Figure 1, examples of
polymer nanocomposite morphologies studied by means of a
digital scanning electron microscope (Carl Zeiss DSM 940,
Carl Zeiss AG, Oberkochen, Germany) are shown. The
polymeric matrix consists of a commercial low-density
polyethylene (LDPE; Mw = 92 kg/mol, PI = 7.6, and Tm =
111 °C; Borealis AB, Stenungsund, Sweden). The nano�llers
are two commercial types of graphite nanoplatelets (GnPs; XG
Sciences, Lansing, MI) with 5 and 25 �m mean diameters. The
nanocomposites are manufactured via extrusion processing,
resulting in highly oriented nano�llers in the extrusion �ow
direction.1�3,33 In connection with these experiments, we are
interested in gaining an understanding of the e�ect of the
di�erent material properties and processing conditions by
means of simulation.

Some molecular-dynamics-based simulation studies on
graphene oxide membranes, nanoporous graphene, and stacked
layers of graphene sheets and their molecular-level interactions
with a permeating species have been performed.34�39 At the
mesoscale level, more relevant for our work, purely geometrical
obstruction e�ects on the di�usion/permeability have been
studied in both 2D and 3D. These studies use �nite-element
and grid-based methods as well as theoretical methods to solve
the di�usion and Laplace equations for the local chemical
potential. There is, for the most part, a focus on round platelets
with aspect ratios � ranging from 3 to 1000, the volume
fraction, orientational distributions, random and ordered

con�gurations, multiscale approaches to account for di�usion
inside lamellar obstacles, and the impact of interaction between
the polymer and �ller.31,40�56

In this work, we perform a computational screening of
obstructed di�usion to explore the design parameter space of
nanoplatelet-�lled composites synthesized in silico. As a model
for the nanoplatelets, we use circular and elliptical non-
overlapping and impermeable (with solubility 0 and without
defects) �at disks (with an in�nite aspect ratio, i.e., in�nitely
�at). This provides a simple model of graphene-based
nanoplatelets dispersed in a homogeneous, isotropic, polymer
matrix under the assumption of perfect compatibility between
the matrix and �ller, i.e., that the proximity to a �ller particle
does not in�uence the properties of the matrix through
interactions or nucleation of crystal structures (implying that
the di�usivity controls the permeability entirely). It is obvious
that inhomogeneities in the matrix can impact the di�usiv-
ity,31,56 but we focus on purely the geometrical e�ects of
nanoplatelets on di�usion in this work. Di�usive transport of
point particles is stochastically simulated using a random-walk
model from which the e�ective di�usivity is calculated. On the
basis of �1000 simulated structures and their corresponding
simulated e�ective di�usivities, we systematically investigate the
impact of di�erent nanoplatelet characteristics, such as the
angular orientation, layered structures, size, polydispersity,
shape, and total amount. The aim of this computational
screening paradigm is to compare the relative impact of these

Figure 1. Examples of polymer nanocomposite morphologies studied by means of a digital scanning electron microscope: (a) 1% (w/w) nano�llers
with 5 �m mean diameter; (b) 5% (w/w) nano�llers with 5 �m mean diameter; (c) 5% (w/w) nano�llers with 25 �m mean diameter. The extrusion
�ow direction is orthogonal to the image plane.

Figure 2. Examples of structures from di�erent data sets, showing (a) orientation constrained to a maximum angular deviation from the z axis set to
�/10, (b) a layer with thickness 25 �m, (c) 100 large disks, (d) polydisperse disks with a coe�cient of variation equal to 1, (e) elongated elliptical
disks with a semiaxis ratio of 5, and (f) a very dense con�guration with a total surface area of 5 × 105 �m2 and 2500 disks.
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