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Effect of electric field on exfoliation of nanoplates
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Nanocomposite performance relies on reproducible dispersion and arrangement of nanoparticles,
such that the dominant morphology across macroscopic dimensions is nanoscopic. The impact of
electric fields on the interaction of nanoplates is discussed for improving dispersion. For ideal
dielectrics, an electric field may assist (or retard) exfoliation depending on the angle between a
collection of plates and the field. A critical electric field strength for exfoliation is predicted.
Structural refinement occurs by cleavage through the center of the stack. For lossy dielectrics,
frequency can be tuned to cause exfoliation in all plate orientations. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2398913]

Polymeric materials with multiphase morphologies on
the nanoscale (1-100 nm) and mesoscale (100—500 nm) of-
fer exciting opportunities for high-end, multifunctional appli-
cations, as well as enabling never-before-realized materials
with unique combinations of electrical, optical, and structural
properties. To facilitate dispersion, chemical approaches, in-
cluding surfactant or macromolecular stabilization are usu-
ally employed to modify the surface of nanoparticles. How-
ever, the approach depends on the material system and
usually involves trial and error to identify the best practice.
Much less quantitative information is available on the cou-
pling between the surface modification and external process-
ing factors, including shear,1 electric,2 or magnetic” fields.
This letter discusses a physical mechanism based on the ap-
plication of an external electric field to effect the agglomera-
tion of nanoplates.

Due to the strength and long range of electrostatic inter-
actions, electric fields have been used to control structures on
length scales which are difficult to manipulate in other man-
ners. For instance, it has been used to move or separate
mic:roparticle:s,z""5 trap nanospheres,6 align nanowires,’ pat-
tern molecules,® and control the morphology of polymer
melts.”'" While dielectrophoresis has been used to separate
microparticles, this effect relies on field gradient and differ-
ent dielectric properties of the particles. In contrast, if a com-
posite particle is comprised of low-dimensional regions
loosely bonded together, such as the interlayer regions within
a layer stack, an application of a uniform field can generate
internal forces within the particle. The analysis shows that
for ideal dielectrics, an electric field may assist (repulsion) or
retard (attraction) exfoliation depending on the angle be-
tween the plate and the field. Exfoliation is promoted when
the field is parallel to the plate surface, providing a possible
avenue to address the dispersion challenge in nanocompos-
ites. The study of lossy dielectrics suggests that tuning the
frequency could lead to exfoliation in all plate orientations.

The effect of electric field on nanoparticle interaction
can be understood in terms of energetics. Without losing gen-
erality, consider the application of a uniform electric field E,
to two plates (perfect dielectrics) in vacuum, separated by r
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(Fig. 1). When the plates are far apart, the dipole interaction
energy scales as E5/r® (=Ej/r?) in the parallel (perpendicu-
lar) configuration. Energy reduction drives an increase (de-
crease) in r or repulsion (attraction) between the plates.
Similar trends hold when two plates are very close, though
the 1/r° dependence does not apply. Two plates at an arbi-
trary orientation [Fig. 1(c)] can be understood by the super-
position of these attractive and repulsive configurations. In
addition to interparticle interaction, the induced dipole will
interact with E, to cause the plate orient its longer axis along
E,. In the absence of field gradients, this will eventually lead
to an all-parallel configuration. Thus at sufficient times, a
repulsive force between plates should drive exfoliation and
homogenization of the collection of aligned plates.

Quantitatively, what are the limits to homogenization
driven by these induced dipoles? What is the role of the
dielectric property and particle geometry as well as applied
field strength and frequency? What is the internal energy and
failure criterion of an agglomerate? To develop an under-
standing of this process, initially the interactions between
two ideal plates in an ideal dielectric and the field magnitude
necessary to cause particle cleavage are discussed. This is
then extended to lossy dielectrics.

Consider a circular plate of diameter d and thickness ¢
(Fig. 1) that is allowed to separate into two thinner plates,
each with thickness #/2. We choose the energy reference
state to be the media under an applied field E,. When part of
the media is replaced by a plate, the energy change defines
the free energy G,. For linear dielectrics, the free energy is
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FIG. 1. Conceptual extrema for circular plates of diameter d and thickness ¢
(a) parallel (attraction) and (b) perpendicular (repulsion) to the applied field
E,. (c) A coordinate is attached so that the plate lies in the x,-x, plane with
x3 normal to the surface. Plate orientation is described by an angle 6.
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where E is the electric field in the plate, V), the plate volume,
g, the permittivity of the plate, and g,, the permittivity of the
fluidic media. Note that E is usually different from E; in
both magnitude and direction. Equation (1) applies to the
situation that €,(x) is an arbitrary function of position X,
where the integration extends over the entire domain. Thus
the expression can be used to calculate the energy of multiple
plates, where V), stands for the total plate volume since g,
—¢g,, vanishes in the media. For a single plate shown in Fig.
1(c), the free energy is

G,=- %smVpE(z)[gl(t/d, e[,/s,,,)sin2 0
+ g5(¢/d, sl,/sm)cos2 ], (2)

where g; and g5 are two dimensionless functions relevant to
the aspect #/d and permittivity &,/¢,, ratio. The dependence
on the plate orientation is obtained by projecting the applied
field parallel and perpendicular to the plate surface. Thus the
orientation dependence in Eq. (2) is the same for arbitrary
plate geometry and dielectric property.

The application of Egs. (1) and (2) to two plates gives
the distance dependent interactive energy. Analytic expres-
sions are available at the two limits: agglomerated plates and
fully exfoliated plates, and our numerical analysis indicates
that the interaction decays very fast within a few ¢. The elec-
tric potential obeys the Laplace equation, which can be
solved analytically in ellipsoidal coordinates. Under a uni-
form field E, the electric field in an ellipsoid E is uniform,
though the field in the media is complicated. Substituting E
into Egs. (1) and (2) gives
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where S| and S5 are shape factors relevant to the aspect ratio
t/d of the ellipsoid which approximates the plate.

The energy change upon exfoliation AG, is the differ-
ence between the energy of a single plate and that of two
thinner isolated plates, each having half of the original thick-
ness, namely,

AG,=-%&,V,ER,(t/d,e,/e,)sin> 0+ Ry(1ld, & /&,,)cos? ],
(5)

where  R,=g(¢/(2d),¢,/¢,)-g(t/d,e,/e,) and R;
=g;5(t/(2d),&,/e,)—-g5(t/d, gyl e,) are two dimensionless
functions relevant to the geometry and dielectric property.
The dependence of R, and R; curves on the aspect and
permittivity ratios are shown in Fig. 2. The R; term essen-
tially describes the energy change of the parallel configura-
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FIG. 2. For an ideal dielectric, the impact of aspect ratio on the dimension-
less parameters R; and R; (Eq. (5)). R, and R; are proportional to the energy
change in the parallel and perpendicular configurations, respectively. Posi-
tive values suggest exfoliation reduces free energy, and is preferred.

tion, i.e., #=m/2. Note that R; is positive, which suggests
that exfoliation reduces the free energy, and thus is preferred.
The perpendicular configuration corresponds to =0 and
only R; acts. In this case, the negative R; term promotes
agglomeration. These features are consistent with the prior
conceptual discussion. The magnitudes of R, and R; increase
with aspect ratio. This trend is anticipated since larger ¢/d
means more material distributed in the thickness direction
contributing to an edge effect. Additionally, the magnitudes
increase with ¢,/¢,, (¢,/€,>1). Finally, for any given as-
pect ratio and €,/¢g,,> 1, the magnitude of R, is much larger
than that of R;, suggesting a dominating repulsion. For the
situation of g,/¢, <1 smaller &,/g,, also leads to increased
magnitudes of R; and R3; however, the magnitude of R; is
much smaller than R;. For instance, ¢,/¢,=0.1 and t/d
=0.1 lead to R;=0.029 and R;=-1.4, suggesting a dominat-
ing attraction. These results indicate that electric fields can
be used to help exfoliation, especially when the plates have
permittivity larger than that of the media. Equation (5) shows
a quadratic dependence on the field strength.

Although the impact of arbitrary geometry requires nu-
merical calculation, an analytic result can be obtained when
the in-plane shape is approximated by an ellipse, leading to
lathe-like particles, such as V,0Os. Relative to the field direc-
tion, vary the plate shape (width b) from slim (b=d/2) to
wide (b=2d), where a circulate plate has b/d=1. Generally,
the shape irregularity is insignificant for thin plates with per-
mittivity close to that of the media. The effect increases for
thicker plates and larger €,/g,,. Nevertheless, for a wide
range of parameters considered (e,/¢,,,t/d), the difference
of R, from that of a circular plate is less than 15%.

For nonideal dielectrics, conduction and dielectric relax-
ations lead to a frequency-dependent complex dielectric con-
stant. In this case, the dielectric properties in Egs. (3) and (4)
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FIG. 3. For a lossy dielectric, the impact of relative conductivity on the
magnitude and sign of R, and R; as a function of normalized frequency
o/ w,,

are replaced with sZ(w)=sp—iap/w and sfn(w)=8m—icrm/w,
where o is the electric field frequency and o, and o, are the
electric conductivities of the plate and media. The character-
istic frequency is w,,=0,,/¢,,. Figure 3 shows R; and R; as a
function of normalized frequency for representative aspect
ratio, t/d=0.1, and permittivity ratio, sp/ €,,=2. The behav-
ior becomes frequency independent when ¢,/¢,,=0,/ 7, At
high frequency when charge accumulation cannot respond
quickly enough, all the curves converge to the case of an
ideal dielectric. Figure 3 suggests that the impact of finite
conduction is important when the frequency is comparable to
w,,. For instance, R, is 0.029 for ideal dielectrics of g,/¢,,
=2, but increases to 1.22 at o,/0,=10 and frequency of
0.1w,,. This magnitude is comparable to the situation of ideal
dielectrics with €,/¢,,=10. Also, important to note is that
when ¢,>¢, and 0,<0,, a frequency window occurs
where the sign of R; and R; reverses. This behavior suggests
the possibility of frequency tuning to change the interaction
of two plates and promote exfoliation for any plate
orientation.

The prior analysis implies that an electric field can be
applied to prevent the agglomeration of dispersed nanoplates
during mixing. If the plates are already agglomerated, will
the induced polarization produce sufficient internal energy to
cause exfoliation? Exfoliation of a low-dimensional crystal
involves cleavage along a plane of weak secondary bonding,
a process that is conceptually analogous to crack extension.
Separation occurs when the energy release rate overcomes
the resistance due to the creation of new surfaces. Phenom-
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enologically, the interfacial energy is defined as 2I'’A, where
2A is the interfacial area and I' is the interfacial energy.
Separation of plates requires AG,>2I'A. Repulsion maxi-
mizes at #=/2 and leads to a critical field,

> 4T
Ei= .
SmtRl

(6)

For larger fields (E> E,), exfoliation is advantageous for 6
<@ defined by sin®> 6.=(4I'/(e,,E*t)-R;)/(R,—R5). For
brittle fracture in vacuum, I" is half the work of cohesion and
equivalent to the specific surface energy of the solid, yiq-
For  organically modified  montmorillonite,  Yq
~40-50 mJ/m? for the surfactant covered basal plane.
Therefore nanoplates with thickness of 10 nm and ¢/d
~0.1-0.01 require a field of 350 to 800 V/um. Calcula-
tions show that the energy relaxes more when a body breaks
into two equal pieces. Thus an applied field will cause a
multiplate agglomeration to break in the middle rather than
peeling off layers from the outside.

The estimated field strength in vacuum is comparable to
the dielectric breakdown strength of organics and polymers.
However, in liquid medium, the total interfacial energy will
be less than that in vacuum in accordance with the Young
relation describing surface wetting. The maximum change
occurs when spreading is favored (contact angle=0) and thus
I'~ Ysotia- Yiiquia- Equation (6) then provides the critical field
that induced polarization may overcome surface energy dif-
ferences between the matrix and nanoplate to enable exfolia-
tion. Putting this into perspective with the experimental data
of layered silicate nanocomposites such as nylon 6 and 6/6
as well as n-methyl-2-pyrrolidone known to spontaneously
exfoliate many organically modified montorillonites, these
systems reveal values of Ylia— Yiquia~0-5 mJ /m2. Y
~ Yiiquia €Xhibits a wide range in actual nanocomposite sys-
tems and establishes an E for the experimentalist to enable
exfoliation.

In summary, free-energy based considerations indicate
that nanoplate interactions can be modified under a sufficient
applied electric field (>1-10 V/um), leading to situations
in which induced polarization produces an additional repul-
sive potential. The magnitude of this additional potential, for
both ideal and lossy dielectrics, is sufficient to provide ex-
perimental control to assist (or retard) exfoliation.
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