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Two-dimensional (2D) nanoparticles in an oligomer-tethered alpha zirconium phosphate (2ZrP) colloid
self-assemble to form a cofacial lamellar structure with regular spacing parallel to the surface and exhibit
high reflectance and vivid structural colors within the visible frequency spectrum. Here, we demonstrate
electrical switching of the structural color reflection by electrical control of the liquid crystalline phase of
the aZrP colloid. At low frequency (less than 15 Hz, optimally at 1 Hz), electrohydrodynamic flow in the
colloid destroys the photonic crystalline lamellar phase and creates an apparently disordered dynamic
state with local nematic orientation. The method using electrohydrodynamic flow is a better approach to
erase the photonic crystalline ordering of nanoparticles, than application of a high-frequency field, which
has been proposed previously, in terms of the required voltage and color uniformity. The field-induced
disordered particle orientation can be spontaneously recovered to the initial photonic crystal state by
removing the applied voltage, but this method requires quite a long time and does not work in materials
with a high nanoplatelet concentration. On the other hand, by applying a horizontal high-frequency field

(approximately 10 kHz), the initial lamellar ordering can be forcibly recovered. In this way, the structural
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Accepted 30th April 2018 color in the 2D nanoparticle colloid can be repeatedly erased or rewritten by switching the frequency of

the applied voltage from 10 kHz to 1 Hz and vice versa, respectively. Our method of switching a 2D
DOI: 10.1039/c8ra02186d colloid using both electrohydrodynamic flow and frequency modulation is expected to be a promising

rsc.li/rsc-advances approach to control the photonic crystallinity of colloidal photonic crystals.

Introduction colloidal dispersions of 1 nm-thin 2-dimensional (2D) particles
have attracted interest owing to its excellent photonic crystal-
Structural color reflection from photonic crystals is an inter- linity and easy manipulation based on its fluidic nature.*"**
esting phenomenon that occurs when electromagnetic waves in Reflective color display is a promising candidate for the
the visible spectral range interact with nanostructured mate- applications using photonic crystal colloid because of its high
rials having a periodic modulation in refractive index."> The demand in portable electronic devices used outdoor, especially
coherent interference of scattered light from these materials in sunlight, where the performance of usual display devices is
produces a secondary emission at regular angles commonly significantly reduced. Photonic crystal devices retain bright and
termed as Bragg's optical diffraction. A wide range of optical vivid colors in ambient circumstance, hence, can overcome the
and photonic applications based on the structural color reflec- poor visibility issue of conventional displays under bright
tion and the stop-band features of the photonic crystal mate- circumstance. For such applications, the tunability of the
rials have been proposed. For instance, dynamic lyotropic pitch ~ photonic crystals is essential, and it can be achieved by using
tuning of the periodic phases or photo patterning the colloidal ~ external stimuli such as electrical,>>'* mechanical,® thermal,
crystals can be used for color-tunable functional films,>* low- chemical, and magnetic stimuli.'* Among these, the application
power consumption reflective color displays,®” colorimetric of electric fields may be the most appropriate and feasible
chemical sensors and iridescent pigments.®1® Recently, approach to manipulate the local lattice constants of photonic
crystals for practical applications such as color displays with
numerous pixels."** Although the concept of electrical switch-
“School of Electronics & Electrical Engineering, Sungkyunkwan University, Suwon, ing of photonic crystallinity in 2D colloids is rather simple, its
Gyeonggi-do 16419, South Korea. E-mail: Jk song@skku. edu actual accomplishment is still a great challenge. Color tuning in
*College of Information & Communication Engineering, Sungkyunkwan University, . . . - s
Suwon, Gyeonggi-do 16419, South Korea polymerized colloidal photonic crystals containing silica or
t Electronic ~ supplementary information (ESI) available. See DOI: polymer spheres was demonstrated based on electrically driven
10.1039/c8ra02186d swelling and deswelling.” Similar concept was applied for
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inverse opal structure.® In these methods, only the peak wave-
length is tunable, but not the reflectance. Hong et al. demon-
strated the erasing and rewriting of color in aqueous 2D
graphene oxide (GO) dispersion, based on field-induced re-
orientation of 2D particles.” Although the approach works well
in tunable photonic devices, intrinsic limitations associated to
GO material such as its very low reflectance and poor chemical
stability makes it impractical to use the method in reflective
display applications. In this way, new materials devoid of these
limitations and new switching mechanism are highly
demanded.

Alpha zirconium phosphate (¢ZrP) is an inorganic 2D crystal
with very high aspect ratio and can form stable colloidal phase
upon exfoliation. aZrP has a number of advantages over other
nanocrystalline colloidal structures, including high surface
energy, ion exchange capacity, ease intercalation/exfoliation,
purity, and controllable surface functionality, and has been
widely used in proton conductors in fuel cells,’ nano-
composites,” materials for nuclear waste management,*® and
catalysis.' Recently, it was reported that oligomer tethered aZrP
colloid can exhibit excellent photonic crystallinity,”® where the
structural color varies depending on the concentration of aZrP.
However, the electrical switching of aZrP photonic crystallinity
has not been achieved.

Here we demonstrate the electrical switching of structural
color of oligomer tethered a.ZrP colloid that has high structural
color reflectance, excellent dispersity and chemical stability. We
found that electrohydrodynamic flow can be used to effectively
erase the photonic crystal assembly of aZrP colloid. The erased
photonic crystal assembly can be spontaneously recovered with
time or electrically reconstructed by applying appropriate elec-
tric signals. The results can provide new approach to use 2D
colloid for reflective type displays.

Experimental

Pristine o-ZrP (Zr(HPO,), H,0) nanocrystals were synthesized
via hydrothermal method using 12 M of phosphoric acid and
24 h reaction time in oven.>* X-Ray diffraction (XRD) pattern of
the crystals was obtained using D8 Discover (Bruker Instru-
ment, Germany). Sharp peaks of the XRD pattern confirms the
high-level crystallinity of the synthesized material as shown in
Fig. 1a. Field emission scanning electron microscopic (FESEM)
analysis was carried out using JSM-7600F (JEOL, Japan), and
revealed that the majority of nanocrystals particles were of
irregular hexagonal shapes with the mean diameter of 1300 +
250 nm and the mean thickness of 500 + 70 nm (Fig. 1b). These
nanocrystals were exfoliated using oligomeric surfactant poly-
oxyalkyleneamine, with the molecular weight of 1000 g mol "
(Jeffamine M1000, Huntsman Chemicals, USA).?° Nanoplatelets
of oligomer tethered aZrP crystals were obtained in the form of
embedded particles within the polymer gel. To obtain the
FESEM image of exfoliated particles, low concentration aZrP in
acetone was spin coated on silicon dioxide wafer at 500 rpm for
30 s, and the thin film was baked at 80 °C in nitrogenous
environment for 1 hour. The FESEM image of the exfoliated
particles is shown in Fig. 1c, where dotted lines are drawn to
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Fig. 1 Characterization of synthesized aZrP nanocrystals and exfoli-
ated nanoplatelets. (a) The XRD pattern of synthesized a.ZrP crystals. (b)
The FESEM image shows hexagonal shaped crystals of aZrP having
average diameter of 1300 + 250 nm. (c) Exfoliated aZrP particles that
are tethered with oligomer. (d) AFM image of (~1 mm) diameter
oligomer coated aZrP nanoplatelet.

elaborate the boundaries of three nanoplatelets on the surface.
To approximate the thickness of the swelled exfoliated nano-
platelets, atomic force micrographic (AFM) analysis was per-
formed using PSIA XE-100 (Park Systems, Korea). Fig. 1d show
the reconstructed AFM image for a dried oligomer tethered aZrP
particle. The AFM profile shows a thickness of 48.5 nm and
a diameter of 1 um. Zeta potential of exfoliated aZrP colloid
dispersed in DMF was measured at 0.01 wt% using dynamic
light scattering instrument (Zetasizer Nano, Malvern Instru-
ment Ltd, UK), which was —45 mV. Spectral reflectance was
measured using a spectro-photometer, CM-2500d (Konica
Minolta, Japan) under specular component excluded (SCE)
mode.

To investigate the electro-optical color switching response of
oligomer-tethered a-ZrP, we made two types of simple cells with
different field direction. In the first type of cell (type-A: Fig. 2a),
two transparent indium tin oxide (ITO) glass substrates were
used as the top and bottom substrates. aZrP colloid was filled
between the substrates. The field direction is vertical for the
type-A cell. In the second type cell (type-B: Fig. 2b), patterned
ITO electrodes with interdigitated shapes were used, and either
of vertical and horizontal electric field can be applied. The
electrode width and inter-electrode gap was fixed to 1 mm and
1.5 mm. In both cells, polydimethylsiloxane (PDMS) wall
spacers were used to hold the sample and to sustain an optical
path length of 1.5 mm between the top and bottom substrates.

Results and discussions
High quality photonic crystals of aZrP

The exfoliated oligomer tethered nanocomposites were
dispersed in N,N-dimethyl formamide (DMF) at various
concentrations from 0.4 to 1.09 wt%. The suspensions exhibited
vivid structural colors with very high reflectance in glass bottles
under white illumination as shown in the top of Fig. 3, the vivid

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Schematic of cells. (a) Type-A cell with fully covered ITO glass
on top and bottom substrates. (b) Type-B cell with interdigitated
electrodes.

structural color reflection implies the periodic lamellar
arrangement of oZrP nanoparticles in colloid, which is stabi-
lized by both long-range electrostatic repulsion and presence of
M1000 oligomer brush layers tethered onto the surface of
nanoplatelets.*® The nanoplate concentrations corresponding
to the red to blue spectral reflectance are 0.4 wt% to 1.09 wt%,
which accords well with the theoretical expectation. The esti-
mated interlayer spacing (d) using Platz equation (d = Apax/21)
exhibit a linear relationship with the inverse volume fraction (1/
¢) of aZrP colloid in DMF (refractive index n = 1.43) as show in
the inset of Fig. 3. The peak reflectance was the highest for the
blue aZrP colloid, which reaches up to 60%, and it decreases
gently with decreasing concentration, and it was about 30% for
the red sample. The peak reflectance reflects the quality of
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Fig. 3 Bottles of aZrP-DMF dispersions with the concentration from
0.4 to 1.09 wt%, and their spectral reflectance. Inset image shows the
linear dependence of inter layer spacing on inverse volume fraction of
colloidal concentration.
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periodicity in the lamellar assembly of nanoparticles, hence the
high concentration dispersion has better periodic assembly
than that with low concentration, indicating the stronger
interparticle interaction in higher concentration colloids.

Structural color switching using vertical electric field in type-A
cells

When the oZrP colloids were injected in a type-A cell with flat
surfaces, the oZrP lamellae were likely to align parallel to the
substrates and the cell exhibited the same vivid color reflec-
tions, as shown in Fig. 4a. To investigate the electric field on the
nanoparticle alignment, we firstly applied 10 kHz square elec-
tric field across the type-A cell.** The application of high
frequency electric fields induces Maxwell-Wagner polarization
owing to the vibration of ions around anisotropic aZrP particles,
and the field-induced polarization is usually parallel to the
particle long axis. Hence, the aZrP particles are likely to align
vertically under the application of 10 kHz electric fields. As
shown in Fig. 4a, where the cell contains 0.6 wt% aZrP colloid,
the bright green color reflection starts to disappear from the
edge of cell at 5 V application, and completely disappears at 9 V.
When the cell was observed under the crossed polarizers, the
birefringent pattern is observed (the last two images in Fig. 4a),
indicating the particle alignment direction. Owing to the
injection flow of aZrP colloid (from left to right of the cells in
Fig. 4), the initial alignment has significant birefringent flow
mark at 0 V. Although the particles near surface are aligned
parallel to the substrate, those in the middle of cell may tilt
from the surface and produce the birefringence pattern. The 2D
particle alignment depending on the depth from the surface
was systemically investigated using 2D GO colloid in our
previous work.?” The application of 9 V does not alter the shape
of pattern, but the brightness is significantly enhanced, as
shown in the last image in Fig. 4a. Since the birefringence is
maximized when 2D particles align vertically to the substrate,
the enhanced brightness indicates the larger tilting angle of
particles under the application of electric fields, which proves
that the application of 10 kHz electric fields makes aZrP parti-
cles align vertically while sustaining the cofacial alignment. The
tilting of aZrP particles makes the lamellar layer stand vertically
to the surface and no structural color is observed on top
viewing. However, the color removal is not uniform in the cell,
but sensitively depends on the initial alignment condition. In
this cell, the color disappears from the edge, as well indicated in
the second image in Fig. 4a. Another problem is that the voltage
required to remove the structural color sensitively depends on
the concentration, and the structural color of blue cell was
hardly removed even under the application of 20 V (image not
shown here).*?

In the second experiment, we applied 1 Hz electric field
across the same cell. Three different concentrations with red
(0.4 wt%), green (0.6 wt%) and blue (0.93 wt%) color reflections
were used for the experiments, as shown in Fig. 4b. The appli-
cation of 1 Hz electric fields also removed the structural color
reflection for all the samples as shown in Fig. 4b. The structural
color became weaker in the whole area of the cell, as the applied

RSC Adv., 2018, 8, 16549-16556 | 16551
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(a) Application of 10 kHz vertical electric field removes the structural color in aZrP colloid (left three images), and enhances the bire-

fringence (right two images). (b) The application of 1 Hz vertical electric field also removes the structural colors of aZrP colloid, but the bire-
fringence is reduced by the 1 Hz field, differently from 10 kHz field applications. Concentrations: 0.93, 0.6, and 0.4 for blue, green, and red
colloids. (c) Increasing reflectance as a function of applied voltage. (d) Spontaneous recovery of structural color with time. (e) Increasing
reflectance with time during the spontaneous recovery of structural color.

voltage increased. Although the voltage required to remove the
structure color depends on the concentration, the difference
was smaller than that in the high frequency experiment; it was
7 V for red colloid and was 10 V for blue one. Thus, in terms of
the color uniformity and the concentration dependency on the
applied voltage, the use of low frequency electric field was
a better approach to remove the structural color.

The underlying mechanism was also different from that in
the high frequency case. Under the application of low frequency
electric fields (below ~ 15 Hz), electrohydrodynamic flow was
observed, and the dynamic flow disturbs the lamellar assembly
of aZrP particles, erasing the structural color reflection in the
cell. The birefringent patterns under the low frequency electric
fields were also different from that under the high frequency
electric fields, as shown in the last two columns in Fig. 4b.
Under 1 Hz electric signals, dark state was observed, differently
from the bright vertical assembly under 10 kHz fields. This
indicates that the dynamic flow disturbs the nematic ordering
and decreases the ordering of particles. The dynamic flow is
well discernible in the Video M-1 in the ESIT under 1 Hz electric
fields.

Fig. 4c shows the decreasing peak reflectance with increasing
applied voltage during the 1 Hz electric switching experiment.
All the samples exhibit a similar trend with increasing voltage,
but the sensitivity on electric voltage depends on the concen-
tration. An increase in colloidal concentration reduces the inter-
particle and interlamellar distances and the interparticle and

16552 | RSC Adv., 2018, 8, 16549-16556

interlayer interactions (electrostatic and steric repulsive forces),
as well, resulting in the slight desensitization of electrical
switching.

After obtaining the filed-induced dark state, the electric field
was removed to allow the spontaneous recovery of structural
colors. For the red and green color cells with relatively low
concentrations, the structural color reflection was almost
recovered after 30 min, as shown in Fig. 4d and e. On the other
hand, for the high concentration cell with blue color, the
structural color was not fully recovered, but only 30% of
reflectance was obtained after 30 min. The slow and poor
recovery of structural color in the high concentration cell is due
to the high packing ratio and high inter-particle friction.™
Interestingly, the spontaneous recovery of photonic crystal was
relatively weakly observed after applying high frequency electric
field to induced vertical alignment, as shown in Fig. S1 in ESL}
That is, the planar lamellar structure is spontaneously recov-
ered from disordered state, but is not spontaneously obtained
from vertically aligned dark state.

In this way, the electrohydrodynamic migration of nano-
particles can be an effective way to remove the structural color
reflection in photonic crystalline aZrP colloid. However, the
spontaneous recovery of photonic crystallinity from the erased
cell is not an appropriate method owing to its slow response and
incomplete recovery. Hence, a forced recovery method may be
necessary, and such a forced recovery is not possible in the type-
A cell with vertical fields.

This journal is © The Royal Society of Chemistry 2018
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Structural color switching using vertical electric field in type-B
cells

To improve the dynamic response of structural color switching,
the type-B cells were used. The electric field direction in the
type-B cells can be switchable between vertical and horizontal
directions by applying appropriate electric signals. In the first
experiment using the type-B cell, vertical electric field was used
as shown in Fig. 5a, where the electrodes in the top substrate
was applied by 10 V and 10 kHz or 1 Hz square electric fields,
and the electrodes in the bottom substrate was applied by
ground signals. Injecting 0.6 wt% aZrP colloid in the type-B cell,
the cell exhibits green color reflection as shown in Fig. 5a. When
applying vertical electric fields of 10 kHz or 1 Hz, the structural
color in the areas of ITO electrodes disappeared (Fig. 5a). As
explained in the previous section, aZrP particles align vertically
under the high frequency fields and the lamellar assembly is
destroyed under the low frequency electric fields. Both method
effectively remove the structural color reflection. On the other
hand, the color reflection between two neighbouring electrodes
is not influenced by the vertical fields, because the electric fields
in the region is too weak to alter the initial lamellar structure
(see the right images in Fig. 5a). The nanoparticle orientations
on electrodes and between two adjacent electrodes are shown in
the schematics in Fig. 5(a-i) and (a-ii). In case of the application
of 10 kHz electric fields, the nanoparticles in the high field
region align vertically, but those in between adjacent electrodes
remain parallel to the glass substrate. In case of the application
of 1 Hz fields, the nanoparticles in the high field region are
randomly distributed.

10, 10 ki

(a)

(a-ii)

Fig. 5

(b-i)
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Structural color switching using frequency-modulated
horizontal electric field in type-B cells

In the next experiment using the type-B cell, a horizontal electric
field was applied, as illustrated in the right top of Fig. 5b-i.
Initially, the cell exhibited uniform green color reflection
(Fig. 5b-i), and the cell had random birefringence pattern under
the crossed polarizers. Then, when 1 Hz 10 V square electric
field was applied horizontally, the color reflection disappeared
in the whole area of the cell (Fig. 5b-ii). Microscopic observation
in Fig. 5c¢ shows hydrodynamic oscillatory flow of colloid,
responding to the 1 Hz signals. The group particles in the
marked area oscillates rightward and leftward following the
direction of electric field. The oscillatory particle motion is well
discernible when adding small quantity of carbon nanotube
particles (CNT) in colloid, as shown in Fig. S2 in ESLt Such
hydrodynamic flow continuously disturbs the photonic crys-
talline assembly of nanoparticles. The birefringence pattern
was weaker and dynamically altered with time (right images of
Fig. 5b-ii). Under such dynamic state, the highly ordered
particle arrangement for Bragg's reflection cannot persist, but
the ordering state keeps changing. The origin of the electro-
hydrodynamic flow could be due to the field induced electro-
osmotic flow in the colloid.****

Upon changing the field frequency to 10 kHz at the same
voltage, the structural color reflection reappeared between the
adjacent electrodes, where horizontal electric fields are applied.
On the other hand, the region on each electrode does not
recover the initial green color, because of weak electric field in
the region. Video clip M-2 in the ESIt clearly shows the color
removal and reappearance between electrodes of the cell when

10V, 1 Hz/ 10 kHz

(a) (i) 10 kHz (ii) 1 Hz vertically applied electric field, electrode configuration (Black = GND and Red = signal) and particles orientation

within two adjacent electrodes. Red and blue dotted lines in cell represent the location of ground and signal electrodes respectively. (b) (i) Initial
state of cell with electrodes configuration for horizontal field signal, horizontal field induced color variations at (i) V=10V, f=1Hz (i) V=10V, f
= 10 kHz and corresponding birefringence pattern. (c) Dynamic state oscillatory motion of aZrP colloid when subjected to 1 Hz electric field.
Group of particles in marked area is oscillating right and left along the field direction.

This journal is © The Royal Society of Chemistry 2018
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structural color recovery as a function of time. (c) Normalized reflectance spectra of initial state, at 1 Hz and 10 kHz. (d) Normalized reflectance
percentage of ten consecutive field induced color switching ON and OFF cycles.

the frequency of electric fields switches from 10 kHz to 1 Hz and
vice versa, respectively. The application of horizontal 10 kHz
electric field in between the adjacent electrodes induces not
only the photonic crystallinity, which may be mostly influenced
by the lamellar alignment of nanoparticles near the surface, but
also the optical birefringence, which may be mostly caused by
the overall particle alignment in the bulk sample (see the right
image of Fig. 5b-iii).

The dynamic response of peak reflectance is shown in
Fig. 6a, where the normalized peak reflectance is plotted as
a function of time under the application of 1 Hz 10 V horizontal
field. The peak reflectance decreases quickly down to 50%
within 0.2 s, and then, the response becomes slower and rea-
ches to about 9% of initial reflectance after 4 s. When 10 kHz
10 V electric field was applied, the structural color reflection was
recovered within 25 s. The 10 kHz horizontal electric field
makes the longest axis of 2D particles align along the field
direction, which, however, is not sufficient to induce lamellar
alignment of 2D particles, because of no force to align the
second longest axis of 2D particles. Hence, the recovery time is
longer than the erasing time of structural color, although the
forced recover is much quicker than the spontaneous recovery.
The surface effect may help 2D particles align parallel to the
substrate. Microscopic observation for the transition between
the dynamic state at 1 Hz and the static state at 10 kHz is shown
in the video clip M-3 in the ESLf Fig. 6¢ shows the relative

16554 | RSC Adv., 2018, 8, 16549-16556

spectral reflectance under the application of 10 kHz and 1 Hz
electric fields.

The erasing and writing of the field-induced photonic crys-
tals were repeatedly obtained by modulating the frequency of
the applied electric fields, as shown in Fig. 6d, which shows the
good cyclic stability of the switching process in aZrP colloid.

Conclusion

Electrical switching between photonic crystalline lamellar
assembly and disordered dynamic state was demonstrated
using oligomer tethered aZrP colloid. The dynamic state existed
under the application of the electric field with the frequencies
below ~15 Hz, while the lamellar photonic crystalline phase
was induced by applying the fields with above ~500 Hz (opti-
mally at around 10 kHz). By switching the frequency of electric
fields from 1 Hz to 10 kHz and vice versa in the cell with inter-
laced electrodes on both substrates, we could selectively obtain
the well-aligned photonic crystalline lamellar phase and prac-
tically disordered dynamic state, which exhibits excellent
photonic crystal reflection and dark state with no reflection,
respectively. In particular, we introduced electrohydrodynamic
flow to remove the photonic crystalline assembly in 2D colloid,
which takes just a few seconds to fully erase the photonic
crystallinity. Although the disordered dynamic state spontane-
ously turns into photonic crystalline lamellar state with time,
the spontaneous process requires long time up to a half hour.

This journal is © The Royal Society of Chemistry 2018
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On the other hand, forced recovery using 10 kHz horizontal field
can reduce the switching time down to 25 seconds, in which the
recovery of the cofacial alignment of nanoplatelets near the
glass substrate is achieved by the cooperative influence of the
electric field effect and the surface field effect. Our results show
that the performance of the electrical switching aZrP colloid are
significantly improved compared to the previous report using
2D GO colloid, in reflectance, switching time, color homoge-
neity, and switching cycle's stability. Moreover, the iridescent
aZrP colloid is easily synthesized as compared to the iridescent
2D GO. Compared to tunable photonic crystal using spherical
particles, which controls the peak reflectance color, our cell
using 2D colloid exhibits tunability in reflectance at the same
wavelength. The cell is switchable between complete dark and
bright states by controlling the phase of the colloid. In our cell
the new method to switch 2D colloid using both electro-
hydrodynamic flow and electric double layer polarization may
be a promising approach to electrically control the photonic
crystallinity in colloidal photonic crystals.
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