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Abstract: Exfoliation of two-dimensional materials is key to
obtaining high-performance properties. We present a simple
kinetic model for exfoliation that is readily solved analytically.
Random and irreversible sheet separation is postulated in the
presence of highly effective stabilizers. This model appears to
quantitatively fit graphene exfoliation data, and it illuminates
mechanistic aspects of exfoliation. Thicker sheets exfoliate
much faster than trilayer and bilayer sheets. Exfoliation follows
highly activated diffusion-controlled intercalation of stabilizer
into inter-sheet galleries. Application to the most concentrated
graphene exfoliation data available supports these assumptions
and provides insight for practical treatment regimens.

The synthesis and use of new layered materials[1–8] are
becoming increasingly important in materials chemistry, and
two-dimensional materials[9–15] have become a focal point in
energy materials development. Layered fillers derived from
natural and synthetic clays have become significant compo-
nents in composite materials, and their exfoliation is an
important mechanistic step in the formation of such materi-
als.[16–22]

A prime candidate for exfoliation kinetic analysis is the
much studied exfoliation of graphene.[23] Graphene, a unique
two-dimensional allotrope of carbon,[24] has created great
excitement in chemistry, physics, and materials science
because of its high-performance electronic properties and
its potential for transformational advances in optoelectron-
ics[25] and plasmonic device development.[26,27] An important
practical property of graphene is its relatively low cost[28] in
comparison to its fullerene and carbon nanotube “cousins”, in
addition to its highly competitive electronic[29, 30] and thermal
transport properties.[31–33] High-volume applications in nano-
composites, inks, and devices such as batteries and sensors will
require suitably formulated aqueous graphene dispersions,

and much attention has been focused recently on the
development of such dispersions.[34–37]

Although commercially available graphene aggregates
and graphite (a very low-cost source of graphene) must be
exfoliated to create stable and useful dispersions, and despite
the importance of and interest[38–46] in such materials as well as
of other layered materials, no quantitative kinetic model
appears to have been disclosed for exfoliation. Here we
present a kinetic model for exfoliation that is useful in helping
us interpret exfoliation processing. This model should also
provide utility in furthering exfoliation of topical materials,
such as clays and other advanced layered compounds, in
nanocomposite design.

We illustrate in Figure 1 recently reported[47] apparent
optical density at 500 nm as a function of sonication time for
two graphene-in-water dispersions, wherein the graphene
weight concentration was 5%. These dispersions were
stabilized using a (nanolatex) nanogel[48] derived[49, 50] from
a hydrophilic imidazolium acrylate monomer that also is an
ionic liquid. The weight ratio of nanogel to graphene was
0.5.[47] This nanolatex material was measured by dynamic light
scattering and found to be in the size range of 20–30 nm
diameter (see Supporting Information (SI) for details). The
apparent optical density, ODapp, was obtained by diluting
a weighed aliquot of the dispersion with water sufficiently to
obtain a measured optical density in the range of 0.1 to 1.5.
This experimental value was then multiplied by the corre-
sponding dilution factor (dilution weight/aliquot weight) to
obtain ODapp. At short sonication times the ODapp is
influenced by aggregate light scattering as well as by
absorption. The relative contribution of non-absorbing scat-

Figure 1. Apparent optical density at 500 nm of 5% aqueous graphene
dispersion as a function of sonication time (*, initial preparation; &,
repeat); these values were obtained by diluting sufficiently to obtain
absorbances <2, followed by multiplying these absorbances by their
respective dilution factors; adapted from Figure 3 of Ref. [47] with
permission.
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tering decreases rapidly as exfoliation proceeds and true
absorption dominates.

Imidazolium rings that do not contact the graphene are
strongly hydrated and serve as dispersion-stabilizing compo-
nents. We have found that in addition to nanolatex and
triblock copolymer stabilization, linear random copolymers,
homopolymers, as well as imidazolium bromide-based sur-
factants all are effective stabilizers for graphenic nano-objects
in water.[51] The overall adsorbed polymer chains may be
viewed as osmotic brushes that mitigate against indifferent
salt-induced coagulation.[48]

The increase of ODapp as a function of time illustrated in
Figure 1 suggests a model behavior that is similar to product
accumulation in a first-order kinetic process. There is an
initial rapid (exponential) rise followed by a much slower
asymptotic increase. A plot of ODapp(t)/ODapp(1) versus t

1=2

for these same data is illustrated in Figure 2, and there we see
two distinct time intervals over which linear behavior is
observed. The dispersion optical density of graphene exfolia-

tion in NMP (N-methylpyrrolidone) was also reported to
scale as t

1=2 by Coleman and co-workers.[35, 52] An integral
reaction–diffusion model for exfoliation of layered materials
does not appear to be available, but intra-particle mass uptake
of water and other sorbents has been found to exhibit linear
uptake versus t

1=2 behavior for a variety of materials[53–56] and is
assigned to adsorption–diffusion.

Intercalation–diffusion kinetics for Br2 and HNO3 uptake
by graphite[57, 58] yield diffusion coefficients of 5 × 10¢10 cm2 s¢1

to 6 × 10¢8 cm2 s¢1. Somewhat slower diffusion is expected for
polymer intercalation, and these aspects as they relate to the
scaling of Figure 2 are discussed later. The slopes of the two
domains illustrated in Figure 2 correspond to intra-platelet
polymer (nanolatex) uptake.[56]

We adopt a model for consecutive first-order conversion
of graphene platelets m sheets thick to pairs of thinner sheets.
An m-sheet platelet has m¢1 ways to split into an r-sheet and
an m-r-sheet. Each such sheet can split further until only
single sheets remain. Figure 3 illustrates five of the 12 ways
a 13-sheet platelet can randomly split into r and 13¢r sheets.
In addition, we assume at this point that the rate constants, k,
for splitting are the same, irrespective of platelet thickness or

intra-platelet splitting position. We also assume that this
splitting is random and irreversible. These assumptions are
convenient for a first exposition. However, the model we
derive can easily utilize empirically derived rate constants for
particular steps.

We adopt Gm as a variable for the number density of
graphene m-sheets, and we can think of mGm as a relative
mass density of m-sheets. We assume the thickest sheets are
set by m = n. The first-order rate for decomposition of each
m-sheet is given by ¢(m¢1)kGm. Our irreversibility assump-
tion limits m-sheet population growth to emanating from the
decomposition of thicker l-sheets (l = m + 1, …, n). As can be
seen in Figure 3, a given sheet thicker than an m-sheet will
produce an m-sheet in a single step in two different ways.
Further, a 2m-sheet (even-numbered sheet) can only sym-
metrically split one way, but that way produces two m-sheets.
A general rate equation for the number concentration of a Gm

aggregate is then:

dGm

dt
¼ ¢ m¢ 1ð ÞkGm þ 2k

Xn

l¼mþ1
Gl ð1Þ

where n denotes the number of sheets in the thickest
aggregates. This model conserves mass (see SI), and these
effective rate constants, all integer multiples of k, follow from
the above statistical argument based on assumed random
irreversibility. In a case that rates for different types of
splitting can be identified, empirically measured or theoret-
ically derived rate constants can be inserted into this model
without loss of generality.

All effects of stabilizer (polymer) concentration, temper-
ature, mixing, sonication, etc., are embodied in the respective
rate constants, as pseudo first-order constants. The chopping
of larger areal sheets into smaller sheets is a well known
aspect of graphene sonication,[47] and such processes are not
considered in this model.

Exfoliation rates according to Equation (1) produce an
upper triangular matrix of rate coefficients, for m� 2, with
eigenvalues: k, 2k, 3k, 4k, …, lmaxk. This kind of matrix follows
from our assumption of irreversible exfoliation, wherein m-
sheet platelets can only increase in number by exfoliation of
thicker platelets. A particularly beneficial result of this
assumption is that one can identify the system eigenvalues
by inspection. The exfoliation of bilayers and trilayers
represent the slowest steps of this mechanism.

Figure 2. Evolution of exfoliation as a function of root time using the
same data illustrated in Figure 1. The initial and final slopes are
0.0026 s1/2 and 0.00086 s1/2, respectively.

Figure 3. Illustration of five (of 12) ways a 13-sheet platelet can
exfoliate into thinner pairs of sheets.
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The upper triangular nature of the system of differential
equations defined by Equation (1) makes an analytical
solution straightforward by the back-substitution method.[59]

This method avoids having to invert the corresponding matrix
of coefficients and can be obtained effectively algebraically
(see SI). Once solutions for G2(t) to Gn(t) are obtained, G1(t)
is obtained by solving Equation (2):

dG1

dt
¼ 2k

Xn

l¼2
Gl ð2Þ

The general solution is simply given by G1(0) plus 2k times the
sum over the time integrals of the Gl(t).

A second and perhaps most significant aspect of this
exfoliation mechanism is the gradual intercalation of stabiliz-
ing polymer between sheets. This process is activated by
sonication, and when sufficient interlayer separation occurs,
the newly available surface area is amenable to additional
polymer adsorption. This process is illustrated between the
top two sheets in the four-sheet platelet in Figure 4. There are

two intermediate parts of such intercalation. A turbostatic
situation[60] is illustrated in the left-front corner between these
sheets where adsorbed polymer is attached to both upper and
lower sheets. This kind of intermediate state was identified
during studies of graphene aggregation wherein a bilayer had
a monolayer of surfactant separating the two sheets.[60] On the
right-hand side the adsorption has advanced so that polymer
attached to upper and lower surfaces exhibits steric repulsion.
When such adsorption onto opposing surfaces advances
sufficiently, exfoliation occurs, such as in this cartoon where
a 4-sheet separates into a 1-sheet and a 3-sheet. The activated
penetration of polymer into these inter-sheet galleries is
diffusion controlled and accounts for the t

1=2 behavior of
Figure 2.

The large spread in specific time constants embodied in
the model of Equation (1) suggests that a lot of exfoliation
occurs during the earliest processing times. Thick sheets are
predicted to separate much more quickly than thin sheets.
Experimentally we see in Figure 1 that 20% of the eventually
generated ODapp is achieved in about 90 min. We therefore
recast these ODapp(t)/ODmax data in the semilog format of
Figure 5, and there we also see three distinct time intervals of
behavior. Each linear domain exhibits a dominating first-
order life-time (half-life). The long-time asymptote corre-

sponds to a t1=2
of 2660 min (k = 6.03 × 10¢6 s), the middle

interval yields a t1=2
of 1110 min (k = 1.45 × 10¢5 s), and the few

data obtained in the first hour of sonication yield a t1=2
of

370 min (k = 4.32 × 10¢5 s). We stress that these rate constants
are pseudo first-order constants that we expect are affected by
polymer concentration, substrate concentration, dispersion
viscosity, and sample treatment history. Further analyses of
similar data sets may more fully elucidate effects of process-
ing conditions on these rate constants.

The use of these experimentally derived rates in an
appropriately modified version of Equation (1) is illustrated
in the SI, along with associated “speciation” as a function of
mass fraction. These time constants decrease by an approx-
imate factor of 0.42 (half-life of 3-sheet/2-sheet) and 0.34
(half-life of 4-sheet/3-sheet), and if extrapolated yield half-
lives for exfoliation of 0.96 min and 4.6 × 10¢5 min, respec-
tively, for 10-sheet and 20-sheet platelets. Half-lives for
sequential platelet decompositions predicted from our equi-
probable kinetic assumption decrease much more slowly, to
1/9 and to 1/19 that of 2-sheets for 10-sheet and 20-sheet
platelets, respectively. We may therefore conclude that the
exfoliation of graphene represented by the data of Figure 1
and Figure 5 proceeds much more rapidly than predicted by
our equi-probable model.

The data of Figure 1, the scaling analysis of Figure 2, and
the behavior illustrated in Figure 5 show that this exfoliation
process may be viewed in terms of two domains, one occurring
for t< 1000 min and one for longer t. If we take the geometric
mean of the shortest lifetimes illustrated in Figure 5, 640 min,
we see that the longest lifetime is about 4-fold longer. The
scaling data in Figure 2 exhibit a three-fold ratio, and this
ratio is in reasonable agreement with the more refined model
of Figure 5.

Our kinetic argument that the data of Figure 1, Figure 2,
and Figure 5 represent primarily the end stages of exfoliation
to produce 3-sheet, 2-sheet, and single-sheet platelets appears
supported by the accompanying speciation simulations (see
SI). A series of layer-by-layer depositions of dilutions of one
of the dispersions examined in Figure 1 produced up to 40
bilayers (the anionic adsorbate was sodium polystyrene
sulfonate), and an optical density analysis of these coatings
indicated on average that each bilayer contained 0.8 graphene

Figure 4. Cartoon depicting evolution of exfoliation of a four-sheet
platelet illustrating outer surface saturation adsorption of nanolatex,
intercalation of nanolatex between top and next sheets (left front), and
intercalation–exfoliating adsorption of polymer on both surfaces
between these same sheets (right).

Figure 5. First-order rate constants and half-lives. The t1=2
for

t<100 min is about 370 min, that for 100< t<1000 min is about
1110 min, and that for the longer time interval is 2660 min.
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sheets.[47] This result independently supports our kinetic rate
arguments and the illustrated speciation producing single
sheet graphene by more than 90% by weight.

The variation in magnitude of absorption coefficients
derived by other workers[47] supports our supposition that the
absorption coefficient of graphene aggregates and of graphite
flakes varies with thickness. While the fine structure constant
component[61] of this visible absorption may not depend on
thickness, it does seem likely that the p!p* excitonic
transition[62] would be prone to disruption by inter-sheet
stacking. A full kinetic model would benefit greatly from
independent determinations of absorption coefficients of
graphene (and other layered materials) as a function of sheet
thickness and relative light/sheet polarization.

In this introductory example we have used an effective
optical density as a convenient kinetic observable. Optical
studies of other inorganic layered materials, including
MoS2,

[8, 63–65] MoSe2,
[63, 66] WS2,

[63, 65] h-BN,[65, 67] and CuSbS2,
[68]

also appear to exhibit increases in visible absorbance with
increasing degree of dispersion. However, in many cases such
as in clays and silicates there may be too little visible
absorbance to be useful, and another experimental observ-
able will need to be examined. However, if the observable
measured is a monotonic function of exfoliation degree, this
simple model should be applicable. A proof of this concept is
provided in the SI given that the measured property decreases
(alternatively increases) with increasing platelet thickness.

A dynamical exfoliation model has been derived for
highly activated exfoliation that is compatible with recently
reported data for graphene exfoliated in water. An assump-
tion of irreversible exfoliation, reasonable in the presence of
good stabilizer, provides means to obtain analytical solutions.
The equi-probable assumption of weak sensitivity of platelet
decomposition on platelet thickness, helpful in deriving this
pseudo first-order exfoliation model, is too slow to account
for the experimental graphene data used in this report.
Explicit data for thicker m-sheet lifetimes would be very
helpful in understanding earlier-stage exfoliation of graphene.

Keywords: diffusion controlled intercalation · exfoliation ·
graphene · layered materials
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