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Kinetics of electric field induced vertical orientation
of halloysite nanotubes in photocurable
nanocompositest

Shuyang Pan,1? Yuanhao Guo,? Yuwei Chen®® and Miko Cakmak {2 *2¢

The fast transient evolution of electric field assisted vertical orientation and assembly of halloysite
nanotubes (HNTSs) in a photo-curable matrix is investigated using a custom-built real-time birefringence
measurement system. The effect of applied electric field strength and HNT loadings on the kinetics of
orientation and organization of halloysite nanotubes into nanocolumns is systematically investigated. The
following organization in the matrix is frozen by curing the precursor under ultraviolet (UV) light. The
final structure is characterized by scanning electron microscopy (SEM) and wide angle X-ray scattering
(WAXS). The nanocomposite films show vertically oriented and aligned HNTs due to the electric field.
The orientation factor of HNTs decreases with the increase of particle concentration due to the higher
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1. Introduction

The addition of nanoparticles into the polymer matrix can intro-
duce and enhance properties which are not commonly possible
with unfilled polymers. These include thermal' and electrical
conductivity,” ionic conductivity,® diffusion®® and mechanical
properties.*® For many fields, the properties need to be improved
in the thickness direction of the nanocomposite films such as
membranes,® flexible electronics,' wound dressing,™ fuel cells,"
photovoltaics,™ supercapacitors,'* etc. Many nanoparticles exhibit
high anisotropy in properties such as optical,” thermal conduc-
tivity,' and diffusivity."” For example, halloysite (Al,Si,O5(OH),-
-2H,0) nanotubes (HNTs) are one dimensional (1D) natural
nanomaterials and aluminosilicate clay with high aspect ratios
and hollow tubular nanostructures.” HNTs have been massively
studied in the field of polymer nanocomposites due to their
unique anisotropic properties including ionic conductivity,"
optical® and dielectric properties.*® Nevertheless, these unique
anisotropic properties can't be utilized to the maximum level in
the thickness direction of nanocomposites processed by tradi-
tional processing methods, because the anisotropic nanoparticles
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viscosity and stronger inter-particle interaction.

cannot be oriented in the “Z” direction via traditional processing
techniques.*?* Through-thickness “Z” direction orientation and
alignment of the nanoparticles can be achieved by directed field
assisted methods, such as electric field**® or magnetic field.*
When the dielectric particles are exposed to an electric field, they
are charged and polarized. The torque they experience induces
both rotational and translational motions in the matrix that leads
to orientation.”” Due to the mismatch of dielectric constants
between the particle and polymer matrix, the electric field induced
dipole-dipole interactions between particles lead to the alignment
of particles into particle chains.”**® An electric-field**** assembly
technique has been used to orient and align montmorillonite clay
in the thickness “Z” direction. The preferentially oriented aniso-
tropic montmorillonite clay leads to changes of optical properties
of nanocomposites including birefringence, transmission and
scattering.**** However, the study of thickness direction orienta-
tion and alignment of halloysite has not been conducted.

In this paper, we introduce a detailed study of vertical direction
orientation and alignment of halloysite nanotubes in a photoc-
urable precursor by utilizing a directed electric field. A metrology
instrument is utilized to observe the real-time birefringence
development of the nanocomposites under an external electric
field to determine the kinetics of the orientation and alignment of
the anisotropic particles. After orienting and aligning the HNTs
under the electric field, the photo-curable matrix is cured by UV
light to immobilize HNTs to freeze the developed final structure.

2. Experimental
2.1 Materials

Halloysite nanotubes (HNTs) (diam. x L: 30-70 nm X 1-3 um),
potassium acetate (PA) (=99.0%, 1.57 ¢ cm > at 25 °C) and
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hydrochloric acid (HCI) (37%) were purchased from Sigma-
Aldrich. Norland 65 (NOA65) was supplied by Norland Products.

2.2 Preparation of surface modified HNTs

HNTs were chemically treated with potassium acetate (PA) and
by procedures described as follows: 4 g of PA (Sigma-Aldrich)
and 4 mL of hydrochloric acid (12 mol L") were mixed
together, and 1000 mL distilled water was added into a glass
beaker placed on a hotplate stirrer to form a PA solution. Then
36 g of halloysite particles were added to the PA solution
gradually and stirred for 5 h at 60 °C. Then, treated HNTs were
washed with distilled water and collected by centrifugation.
After drying in a vacuum oven for 24 h, the particles were
ground and filtered with a fine metal sieve (100 um). The
hydrochloric acid activates the hydroxyl groups on HNTs and
potassium acetate neutralizes the surface charges on the HNT
surface which weakens the hydrogen bonding effect between
particle agglomerates.

2.3 Preparation of nanocomposite membranes

Nanocomposites with 2 wt%, 4 wt% and 6 wt% concentrations
of modified HNTs mixed in the matrix using planetary
a centrifugal mixer (Thinky Mixer) at 2000 rpm for 30 min and
then sonicated using a Hielscher UP400S ultrasonic processor
at 50 Hz for 40 seconds. The above procedures were repeated 3
times to obtain well-dispersed suspensions. The suspension
was loaded into a cell built with ITO coated transparent glass
(bottom electrode) and 1 mm thick spacers, and it was covered
with another ITO coated glass as the top electrode. A series of
voltages at 100 Hz were applied between the two electrodes for
1000 seconds. The HNTs were polarized under the electric field,
then oriented and aligned under dielectrophoretic force in the
direction of the electric field. The suspension was cured and the
structure was frozen using ultraviolet light (OmniCure $2000 UV
lamp) with the UV light source kept 10 cm away from the
suspensions for 8 minutes.

2.4 Characterization

2.4.1 Real-time birefringence measurement. A real time
measurement®~” system was developed to track fast temporal
changes of in- and out-of-plane birefringence, thickness and
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weight during drying of solution cast films (Fig. 1(a)). In this
study, this measurement focuses on the changes of in- and out-
of-plane birefringence during electric field application. Two ITO
coated transparent glasses with 1 mm spacers were used to load
the suspensions. The ITO coated glass holder with the
suspension was placed in the light path of the optical system
(Fig. 1(b)). To study their effect, a series of voltages at 100 Hz
were applied between the top and bottom conductive ITO
coated glasses and the temporal changes of birefringence were
recorded and calculated. There are two linearly polarized light
beams in this optical system to measure the temporal bire-
fringence. One passes normal to the film plane (parallel to the
direction of the electric field) to measure 0° optical retardation.
The other one passes through the film at 45° to the film normal
direction to measure the 45° retardation.

Real-time birefringence can be calculated using retardation
as shown in eqn (1) and (2).

R,
Anp, = — 1
ni2 d ( )
-2

sin” 6

TR = Ro(1- 25 >
Any; = — 2
» d, sin® 4 @)

where An;, is the in-plane birefringence and An,; is the out-of-
plane birefringence, d; is the effective thickness of the film, R, is
the retardation at 0°, Ry is the retardation at § (where 6 is 45° in
our experiment), and 7 is the average refractive index of our
material.

For this measuring system, 0° retardation is positive, if the
refractive index of the polymer chain or particle in the machine
direction is higher than transverse direction. The 0° retardation
is negative if the refractive index in the transverse direction of
the instrument is higher than that in machine direction. For 45°
retardation, similarly, a positive retardation can be obtained for
a higher refractive index in the film plane while a negative
retardation indicates a higher refractive index in the thickness
direction of the film.

2.4.2 Scanning electron microscopy (SEM). Scanning elec-
tron microscopy (SEM, JSM7401) was used at 5 kV and 20 mA to
investigate the cross sectional morphology of the nano-
composite membrane with different concentrations of HNTs
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(a) Real-time solution drying platform which measures changes in out-of-plane and in-plane retardation along with thickness, weight and

temperature; (b) modified setup to measure birefringence response on electric field application.
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under varying voltages of the electric field. All samples were
sputter-coated with silver using K575x coater before SEM
observation.

2.4.3 Polarized optical microscope. A polarized optical
microscope (Leitz Laborlux 12 Pol S microscope) with a first
order red A plate inserted was used to study the particle orien-
tation under the electric field, and the first order red wave A
plate was inserted with its slow axis oriented at 45° to the
crossed polarizers. The sample birefringence response image
was taken using a DC 290 Kodak Zoom digital camera con-
nected to the optical microscope.

2.4.4 Wide angle X-ray scattering (WAXS). A Rigaku RAPID
II WAXS system with a sealed-tube X-ray source (Cu Ko = 1.5418
A) operating at 40 kv and 30 mA, a spot focus collimator of
0.3 mm diameter, and a cylindrical image plate detector was
used to obtain WAXS patterns.

3. Results and discussion
3.1 Real-time electric-birefringence measurement

HNTs undergo induced polarization when an electric field is
applied to the matrix with dielectric inorganic particles and the
extent of polarization depends on the field variables. The field
gradients experienced by these polarized particles lead to their
rotational and translational motion within the matrix. Using
the real-time birefringence measurement instrument described
above, the preferential orientation can be tracked rapidly.
When an AC (100 Hz) electric field is applied on the matrix
with HNTs through the film thickness direction, the 45° retar-
dation decreases immediately to a negative value while the
0° retardation remains constant at zero value as shown in
Fig. 2(a). In order to prove that the decrease of 45° retardation is
contributed only by HNTs rather than the polymer matrix, the
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same test is repeated on the film without any filler. Fig. 2(b)
shows that there is no obvious change in both 0° and 45°
retardation observed with the electric field applied suggesting
that the resin has no contribution on the decrease of retarda-
tion at 45°. Since the decrease of retardation is only contributed
by the orientation of HNTSs, the effective thickness (d; = D x C),
where D is the film thickness and C is the clay concentration
(weight percentage) of HNTs in the film is used to calculate the
in- plane and out-of-plane birefringence by using eqn (1) and
(2), respectively. HNTs are anisotropic®® and optically biaxial
minerals, thus they have three different principal refractive
indices® (Fig. 2(c)). The refractive indices along x and y axes are
averaged to the refractive index, so the N, and N,, are respec-
tively 1.565 and 1.555, making the intrinsic birefringence
An = Ny, — N, = —0.01. Hence the decrease of 45° retardation
can be explained by the fact that the HNT axis with a higher
refractive index was parallel to the direction of the electric field
or thickness direction when the E-field was turned on as shown
in Fig. 2(d). Electric field induced dipole-dipole interaction
among polarized particles results in dielectrophoretic force
leading to the rotational and translational motions of HNT
particles along the electric field direction.

3.2 Kinetics of nanoparticle orientation and columnar
organization

In order to study the kinetics of HNT orientation, the temporal
evolution of birefringence is investigated at a series of applied
voltages and particle concentrations. A constant AC frequency
of 100 Hz is used during the E-field induced orientation test.
When low voltage is applied, the birefringence increases slowly
and the final plateau value is relatively low. With higher applied
voltage, the rate of birefringence change and the final plateau
value immediately increases, as shown in Fig. 3.
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Fig.2 Response of 0° and 45° retardation on the application of an electric field at 100 seconds on (a) 4 wt% HNT loading system with an applied

electric field of 700 V mm~* at 100 Hz; (b) pure photocurable resin; (c) s
polymer films. Double arrow indicates the direction of the electric field.
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chematic of N,,, and N, of HNTs; (d) schematic of the HNTs oriented in
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The final plateau value of birefringence is appreciably
decreased with increasing concentration of HNTs when the
applied voltage is maintained constant at 700 V as shown in
Fig. 4(a). The level of viscosity plays a very important role in the
orientation kinetics of HNT particles. Particles orient and rotate
due to the torque from dielectrophoretic force which is
proportional to the applied voltage and induced dipole. The
torque has to be greater than the drag forces due to the viscosity
in order to orient the particles. As the concentration of HNTs
increases, the viscosity increases the drag forces as shown in ESI
(Fig. S17). The parameter of orientation factor can be calculated
from the birefringence by using:

Orientation factor = |%| (3)
An°
where Angn, is the value of final plateau for birefringence, An°
is the intrinsic birefringence of HNTs since the polymer matrix
doesn't contribute to the orientation as mentioned above.

With the increase of HNT concentration in the matrix resin,
the orientation factor decreases (Fig. 4(b)). This is due to higher
particle concentration resulting in higher drag force and larger
interparticle interaction leading to frustrated structure where
particles get into each others way. This results in lower orien-
tation of particles as this lack of space and resulting reduced
mobility between the particles restricts their preferential
orientation in the electric field.

Polarized light microscopy is used to observe the orientation
of clay particles when they exhibit optical anisotropy under an
E-field. Optical micrographs were taken with a first order
lambda plate (red wave plate) inserted along the gamma
direction (slow axis) at 45° to the crossed polarizer and analyzer
axes, giving a red background (Fig. 5). When HNT particles are
oriented with their higher refractive index axis parallel to the
slow axis (gamma direction), the HNT particles appear blue

0.006

V/mm

o
o
=]
5

e
o
=]
)

Birefringence

0.000

(a)

100 1000
Time(s)

V/mm

i (1

— 280
— 490
— 700

(c)

100 1000
Time(s)

View Article Online

Paper
0.006 0.60
o 0008 2 o0ss
g 0.004 E
[ 0.50
£ §
& 0 T 045
i:% 0.001 <
0.000 g 0.40
-0.001 035
100 1000 1 2 3 4 5 3 7
Time (s) Clay concentration (%)
(a) (b)
Fig. 4 (a) The effect of HNT concentration on the birefringence at

a fixed voltage of 700 V. mm~! at 100 Hz; (b) effect of clay concen-
tration on change in orientation calculated through birefringence.

since the high refractive index of particles oriented in the same
direction as the high refractive index axis of the lambda plate. In
contrast, clay particles appear yellow if the particle's axis of
higher refractive index is normal to the gamma direction.

Using a polarized microscope with a first order lambda plate,
the orientation of HNTs in the matrix can be observed. All
observable colors can be observed in the in-plane micrograph
obtained using the crossed polarizer and the first order lambda
plate including yellow and blue since the HNT particles are
randomly dispersed. When the long axis of HNTs is parallel to
the slow axis, HNTs turn blue under the E-field applied. Simi-
larly, if the long axis of HNTs is normal to the slow axis, HNTs
appear yellow. Since HNTs and polymer chains are randomly
distributed, the background still remains red.

In our experiment, the direction of the E-field is set parallel
to the slow axis of the lambda plate (45 degrees to polarizer and
analyzer axes). The images at different time periods show the
orientation of the clay particles in Fig. 6. At the very beginning,
the background is red, and yellow and blue colors can be
observed at some spots of the image. It is important to note that
it is difficult to observe single HNTs under the microscope due
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Fig. 3 Kinetics of HNT orientation as evidenced by a birefringence response at a series of electric field strengths and clay concentrations of (a)

2 wt%, (b) 4 wt% and (c) 6 wt%.
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Fig. 5 Birefringence response of halloysite nanotubes oriented under an electric field observed with a polarized optical microscope with a first

order red wave plate.

to their small dimensions, so the particles with different colors
are clusters of HNTs. When the E-field is applied at 100 s, the
background color turns from red to dark purple instantly
because the well-dispersed HNTs are oriented along the E-field
direction (slow axis of the lambda plate). The single halloysite
axis with a higher refractive index is along the slow axis
resulting in blue color, and thus the addition of blue to red

Polarizer

Aplate

Fig. 6 Time sequence images showing alignment of HNTs in the
electric field (700 V mm™2, 100 Hz) with the electric field parallel to the
slow axis of the red wave 1 plate.

This journal is © The Royal Society of Chemistry 2019

leads to the dark purple color. With progression of time under
the E-field applied, increasingly longer and thicker chain
formation of HNTs occurs. This can be observed in the time
sequence images in Fig. 6. The polarization field on one inclu-
sion disturbs the electric field on the neighbouring inclusion
producing attractive and repulsive forces between inclusions.
The attractive and repulsive forces cause the formation of head-
to-tail or particle chain morphologies.

3.3 WAXS of nanocomposites with oriented HNTs

WAXS is used to study the orientation of HNTs in the matrix
after curing by shining UV light for 8 min Fig. 7(a) shows the
WAXS pattern of modified HNTs. The observed peak at 20 =
11.75° is attributed to the (001) plane of HNTs.*

It is reported** that halloysite has a monoclinic unit cell
(8#90°, o, ¥ = 90°), and the cell parameters are: a = 5.14 A b=
8.9A,c=7.2Aand g = 99.7° (Fig. 7(b)). The anisotropic WAXS
pattern shows azimuthally narrow diffraction spots corre-
sponding to the diffraction from the (001) crystallographic
planes of halloysite with the plane oriented along the direction
of the E-field (thickness direction) when the electric field was
applied.

Three X-ray patterns are obtained with X-rays directed along
two mutually perpendicular transverse directions (TD) and one
out-of-plane normal direction (ND). When X-rays pass through
the thickness direction of the film, no anisotropy was observed
(Fig. 8). However, when X-rays pass through the transverse
direction which is perpendicular to the thickness direction,
a narrow azimuthal breadth of the diffraction peak can be
observed from the X-ray patterns signifying the sharp orienta-
tion of HNT particles along the thickness direction. This
confirms that HNTs were orientated in the thickness direction

Nanoscale Adv., 2019, 1, 3521-3528 | 3525
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Fig. 7
halloysite nanotube crystal and its (001) plane.

of the nanocomposite film, which is parallel to the direction of
the applied electric field (Fig. 8(d)).

By plotting the intensity as a function of the azimuthal angle,
the orientation factor of the (001) plane can be obtained and is
given by:

F= %(3 cos’x — 1) (4)

where F is the parameter of orientation factor and x is the angle
between the c-axis of the (001) plane (halloysite nanotube) and
the normal direction. As a perfectly oriented system, F = —0.5.
The orientation factors of different concentrations are very close
to the perfect orientation factor of —0.5 as shown in Fig. 9,

3526 | Nanoscale Adv., 2019, 1, 3521-3528

0]
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°

(@) WAXD spectra for modified HNTs, (b) Azimuthal scan of the WAXS pattern of the 4 wt% HNT nanocomposite and unit cell of the

indicating that there is a very good orientation of HNTs in the
thickness direction under the electric field.

The orientation factors calculated from birefringence and
WAXS analysis were similar to the value of orientation factor
decreased with HNT loading at 700 V mm ™. As a solid observa-
tion technique, WAXD again proves that larger tactoids due to
higher HNT concentration result in a lower orientation factor of
HNTs due to higher drag force and larger interparticle interaction.

3.4 Morphology of the composite with oriented HNTs in the
thickness direction

The halloysite nanotubes used in this study had a tubular shape
with diameters in the range of 30-70 nm and lengths of 1-3 um,

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 WAXD patterns of (a) 2 wt%, (b) 4 wt% and (c) 6 wt% HNTs
composite films under an electric field of 700 V at 100 Hz. (d) Sketch of
electrically aligned HNTSs in the matrix.
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Fig. 10 (a) Morphology of halloysite particles, (b) 2 wt%, (c) 4 wt% and
(d) 6 wt% treated HNTSs aligned in the matrix under an electric field
strength of 700 V mm~" at 100 Hz (scale bar = 2 um).
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as shown in Fig. 10(a). Different concentrations of treated HNTs
in the photocurable resin matrix at 700 V at 100 HZ are prepared
and their morphology is characterized by SEM as shown in
Fig. 10. Fig. 10(b) shows the cross sectional morphology of 2%
treated HNTs aligned in the matrix under the electric field,
which shows good dispersion of HNTs. Single halloysite nano-
tubes were found axially oriented and aligned in the electric
field direction (thickness direction). With the concentration of
HNTs increasing, alignment of HNTs in the electric field
direction was more obvious as shown in Fig. 10(c) and (d).
Fig. 10(d) shows the SEM image of 6% treated HNTs aligned in
the matrix under the electric field, and a good dispersion of
HNTs can still be observed in the matrix. The cross sectional
morphology shows the oriented and aligned HNTs along the
electric field direction.

4. Conclusions

The kinetics of HNT orientation under an electric field is
investigated by using a custom-built real-time birefringence
measurement system. The increasing rate and final plateau
value of birefringence increases with the applied electric field,
indicating that HNTs are oriented more and faster in the
vertical direction (along the field direction) with increasing
voltage at constant HNT concentration. Viscosity is a crucial
property that plays an important role in clay orientation under
an electric field and the increase in viscosity hinders orientation
of HNTs. Both WAXS and SEM techniques prove that the high
orientation of HNTs in the film normal direction to the electric
field provides a novel method to create nanocomposite films
with unique structures.
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