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ABSTRACT: The increasing demands for display devices with low power
consumption and outdoor readability have stimulated comprehensive research into
full-color reflective displays that employ color-tunable photonic crystal
technologies. Although the recently developed crystalline colloidal arrays
(CCAs) of the charged microspheres have shown the outstanding color tunability,
the practical application is limited because the use of highly polar liquid medium
such as water is required to maintain the charges on the surface of microsphere,
whereas it is not suitable for long-term use in an electric field. Herein, a self-
assembled CCA from charged poly(t-butyl methacrylate) microspheres was
successfully fabricated, which was stabilized by the charged inverse micelles of
sodium di-2-ethylhexyl-sulfosuccinate in a nonpolar isoparaffinic fluid. A charged
all-organic CCA was found to exhibit full-color tunability with a 1000-fold
reduction in the power consumption (∼6 μW cm−2) under a direct current voltage
bias of 4 V in comparison to that in an aqueous system, which is a promising
feature for a low-power-consumption display device.

KEYWORDS: reflective display, electrophoretic display, crystalline colloidal array, cross-linked poly(t-butyl methacrylate), all organic,
low power

1. INTRODUCTION

Undoubtedly, color display devices possess a huge market share
in visual communication technologies, such as TVs, computer
monitors, mobile phones, etc. Currently, flat-panel liquid crystal
displays and light-emitting diodes are the two principal
technologies in the display industry. However, their high
power consumption remains the most problematic issue for
both devices, particularly mobile applications.1,2 For instance,
approximately 80% of the battery power of a mobile phone is
consumed by the display modules. Reflective displays are
regarded as an alternative display technology, which utilize
room light or sunlight to generate a color contrast, thereby
eliminating the need of electric power for lighting. From the
viewpoint of power consumption and considering other
advantageous features, paperlike reflective displays are good
candidates for applications requiring low power consumption,
such as wallpapers, billboards, and bus station displays.
Therefore, these displays have recently received considerable
attention in the field of visual communication. A representative
example of a reflective display device is the electrophoretic
display (e.g., E ink), which involves the liquid dispersion of
negatively charged white inorganic particles and positively
charged black particles placed between two parallel conductive
plates.3 When a positive voltage is applied to the transparent
top plate, electrophoretic migration of the white particles

occurs and white color appears due to the reflection of light.
The application of an opposite voltage bias will generate black
color due to the migration of black particles toward the top
plate. The fabrication of two-dimensional pixel arrays using
electrophoretic displays coupled with microcapsule technology
gave birth to electronic paper.4 However, E ink can only
generate black and white contrast. To produce a full-color E ink
display, red, green, and blue (RGB) color filters should be
placed on top of each pixel, where the loss of light is inevitable.
Together with E ink technology, Bragg’s diffraction of room
light from the electrically tunable photonic crystal (PC)
structure was utilized to obtain a full-color reflective display
with minimum loss of light.5,6 For instance, multilayers
especially composed of block-copolymers are promising due
to the easy fabrication.7 However, the system needs a higher
electric field (E-field) to fully manipulate photonic color from
blue to red and the response time is rather slow. Among
successful developments of self-assembled colloidal PC
structures for reflective display, a crystalline colloidal array
(CCA) of microspheres (μ-spheres) has been extensively
employed due to its simplicity and versatility for fabrication.6 In

Received: November 10, 2017
Accepted: March 23, 2018
Published: March 23, 2018

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2018, 10, 11776−11784

© 2018 American Chemical Society 11776 DOI: 10.1021/acsami.7b17122
ACS Appl. Mater. Interfaces 2018, 10, 11776−11784

D
ow

nl
oa

de
d 

vi
a 

K
O

O
K

M
IN

 U
N

IV
 o

n 
Ju

ly
 1

0,
 2

01
9 

at
 0

8:
01

:0
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b17122
http://dx.doi.org/10.1021/acsami.7b17122


Table 1, recent developments of colloid-based display devices
over the last decade are summarized.

Arsenault et al. developed the technique of so-called
photonic ink (P-Ink) in which cross-linked polyferrocenylsilane
(PFS) is used to fill the void space of a close-packed silica opal
array with an average particle diameter of approximately 200
nm.8,9 When swollen by a solvent, PFS is an electrochemically
active species and thus drives electrical actuation of the space in
the opal array along the thickness direction to give rise to color
changes. The size of the silica particles was controlled to display
the full RGB color range via changes in the volume of PFS. The
P-Ink technique was the first example of the use of an opal
structure to produce full-color displays, although the cost of the
synthesis of PFS is a limiting factor. Other groups
demonstrated that an opal-templated porous gel shows faster
response in electrical color tuning.10,11 Following the pioneer-
ing research by Ge et al.12,13 in which magnetically tunable
CCA was demonstrated, electrically tunable CCA of charged μ-
spheres have been extensively studied because electric field (E-
field) is much more versatile than magnetic field as a control
signal for a display device.14−19 Shim et al. reported an
electrophoretic full-color display that used emulsion-polymer-
ized polystyrene (PS) μ-spheres dispersed in water.15 The
surface charges on the PS μ-spheres enabled the formation of a
stable emulsion owing to electrostatic repulsion, and the
particles exhibited a close-packed structure at high solid
contents (>10%), which formed an electrically tunable
reflective color display. Before the application of an electrical
bias, the interparticle spacing corresponded to the Bragg
diffraction spacing for red light. Upon the application of a bias,
the ordered particles moved to the anode under an electro-
phoretic driving force, which led to a blue shift in the reflective
color. Owing to its highly polar nature, water has been used to
disperse charge-stabilized particle systems, such as organic
particles15,18 and ZnS/SiO2

16 inorganic core−shell particles.
However, water possesses critical limitations as a dispersion

medium under a voltage bias. First, it easily dissolves metallic
impurities, which can be deposited on the cathode surface to
produce an unwanted electric current. More seriously, water
itself undergoes electrolysis at an overpotential of only ∼1.5 V,
which generates heat and H2 bubbles. To avoid such problems
associated with aqueous systems, Lee et al. developed Fe2O3/
SiO2 core−shell particles dispersed in propylene carbonate,
which formed a quasiamorphous dispersion with a short-range
order instead of the long-range order of particles in CCAs.14

This nonaqueous dispersion of inorganic particles displayed
RGB colors as a function of the solid content and was
successfully tuned by the application of a voltage owing to the
charged particle surfaces. For precise color tuning, particles
with reproducible sizes (150−200 nm) and a narrow size
distribution are crucial. Metal oxide nanoparticles can be
prepared by sol−gel methods.12,13 For example, the method
used for the preparation of sub-micrometer-sized SiO2 is known
as the Stöber process20 in which an alkoxysilane undergoes
base-catalyzed hydrolysis/condensation to produce uniform
SiO2 μ-spheres. However, ensuring reproducibility in particle
sizes between different batches in the Stöber synthesis is
relatively difficult because fine control of the pH, which plays
the key role in determining the particle size, is often hard to
achieve. Sol−gel synthesis of TiO2

17,19 and ZnS16 μ-spheres in
controlled sizes is known to be even more difficult. The
emulsion polymerization of organic polymer μ-spheres in an
aqueous medium enables much better control of batch-to-batch
reproducibility in particle sizes. More importantly, a narrow size
distribution can easily be achieved.21,22 The polymerized μ-
spheres are stabilized in water by their surface charges owing to
the presence of ionic groups from the initiator. In contrast to
water, which has a high dielectric constant (ε ∼ 80),
hydrocarbons (ε < 2) are not regarded as appropriate media
for the charging of particles unless an appropriate surfactant is
used in concentrations greater than their critical micelle
concentration (CMC).23,24 There have been comprehensive
studies of the charging behavior of polymer particles in
nonaqueous liquid media, which was assisted by charged
micelles adsorbed onto the surface of the polymer par-
ticles.24−29 Hsu et al. studied the physics associated with the
charge stabilization of poly(methyl methacrylate) (PMMA) μ-
spheres/sodium di-2-ethylhexyl-sulfosuccinate (AOT)/dodec-
ane from the viewpoints of electrostatics and electrokinetics.23

They reported the formation of a nonaggregated dispersion by
employing AOT as a surfactant. An investigation of the PS μ-
sphere/AOT/dodecane system carried out by Cao et al.
revealed nonlinear variations in the surface potential of the μ-
spheres as a function of the AOT concentration or particle
content. These variations were attributed to a dynamic
equilibrium between positively and negatively charged AOT
micelles, which were preferentially adsorbed onto the surfaces
of the μ-spheres to enable charge stabilization of the particle
system.24 AOT has also been used to stabilize the surface-
modified Fe2O3/SiO2 inorganic μ-spheres in nonpolar medium
in which long-range ordering of μ-spheres showed magnetically
tunable structural colors.13

In this study, we optimized the charge stabilization of cross-
linked poly(t-butyl methacrylate) (X-PtBMA) μ-spheres in a
paraffinic hydrocarbon (C8−C12) liquid in the presence of
AOT. We also investigated the fabrication of a CCA by
concentrating a dispersion of the μ-spheres to provide the first
demonstration of an electrically tunable all-organic full-color
reflective display device. This procedure represents a cost-

Table 1. Recent Developments of Electrically Tunable
Three-Dimensional Photonic Crystal based on Colloidal
Arrays

microspheres
dispersing
medium advantages

possible
disadvantage ref

SiO2 PFSa bistability and
color
tunability

difficult
synthesis

8

TiO2 ethylene
glycol

high index and
stability

poor color
tunability

17

SiO2@Fe2O3 propylene
carbonate

low angular
dependence

difficult
synthesis

14

TiO2@SiO2 propylene
carbonate

high index
contrast and
stability

color
tunability

19

SiO2@ZnS water high index
contrast and
stability

electrolysis of
water

16

PS water high surface
charge

electrolysis of
water

15

PMMA-co-PS water size and surface
charge
tunability

electrolysis of
water

18

PtBMA IPG/HC stability and
low cost

low index
contrast

current
work

aPolyferrocenylsilane (PFS) is not a dispersing medium but a
polymeric material filling the interstices of SiO2 opal.
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effective and reproducible method for the production of low-
power reflective displays.

2. EXPERIMENTAL SECTION
2.1. Preparation of Suspension of Cross-Linked PtBMA μ-

Spheres. X-PtBMA μ-spheres were prepared by surfactant-free
emulsion polymerization using 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (AIBA) as a cationic initiator or potassium persulfate
(PPS) as an anionic initiator.21,22 In a typical synthesis, 20 mL of
deionized (DI) water in a round-bottomed reactor was degassed for 30
min under a N2 atmosphere. At 75 °C, 6 mg of AIBA (or 3 mg of PPS)
dissolved in 2 mL of degassed DI water was added to the reactor. A
mixture of t-butyl methacrylate (tBMA) and ethylene glycol
dimethacrylate was rapidly injected, and polymerization proceeded
for 1 h. Subsequently, a mixture of 3 mg of AIBA (or 1.5 mg of PPS)
and 0.0180 g of tBMA was injected and the reaction was continued for
a further 1 h to form a non-crosslinked PtBMA shell on a cross-linked
PtBMA core. The emulsions were cooled to room temperature and
purified by cycles of repeated centrifugation and redispersion in fresh
DI water. As the initial dispersant used for the PtBMA μ-spheres was
water, the transfer of the particles to an isoparaffinic liquid was
performed as follows. First, X-PtBMA μ-spheres were sedimented by
centrifugation at 13 500 rpm for 15 min. After the supernatant was
decanted, isopropyl alcohol (IPA) was added and the particles were
redispersed by ultrasonication. The amount of IPA added for
redispersion was similar to that of the original liquid. After the
sedimentation−redispersion cycle in IPA had been repeated three
times, a mixture of halocarbon oil (HC; Halocarbon Co., Ltd.) and
Isopar G (IPG; ExxonMobil) in a volume ratio of 1:1.7 containing an
appropriate amount (1−5 wt %) of AOT was added and final
ultrasonication and centrifugation procedures were performed.
2.2. Fabrication of a Reflective Display Device. An electrically

tunable display cell was fabricated by infiltrating a colloidal dispersion
between two indium tin oxide (ITO) electrodes (2.0 mm × 2.0 mm)
sandwiched by a Surlyn (Meltonix 1170-60, Solaronix; thickness = 30
or 60 μm) spacer. Before the cell was assembled, two holes were
drilled in the top ITO glass used as the cathode using a 75 mm high-
speed minibench drill (KTL SV08010-5001, Dremel TRD346, C.R.
Laurence), and the ITO glass was rinsed with ethanol. After the CCA
dispersion was infiltrated into a channel space, both holes were sealed
with UV-curable resin (Secure CP-7426, Fotopolymer), which was
cured using a 100 W UV lamp (Execure 4000-D, Hoya Candeo
Optronics).
2.3. Characterizations. The sizes and zeta potentials (ζ) of the X-

PtBMA μ-spheres were measured by a scanning electron microscope
(S-4700, Hitachi) and a ζ analyzer (ELSZ-1000, Otsuka Electronics),
respectively. The viscosity of IPG/HC mixture was measured by a
viscometer (DVII + Pro, Brookfield).
2.4. Electrical Tuning of the Display Device. The voltage biases

applied to the display cells were controlled using a potentiostat
(CompactStat, Ivium), and the reflectance spectra of the display cells
were recorded using a fiber-optic UV−vis spectrometer (AvaSpec,
Avantes) coupled to a reflected light microscope (Zeiss Axioplan EL-
Einsatz, Carl Zeiss) equipped with an objective lens (20×/0.30 NA).
The changes in color response as a result of E-tuning were monitored
using a digital camera (DSLR-A550; Sony).

3. RESULTS AND DISCUSSION
3.1. Preparation of CCA Based on X-PtBMA μ-Spheres

in an Organic Medium Assisted by AOT. To avoid the
problem of the electrolysis of water upon the application of a
voltage bias,30 nonpolar organic liquids were investigated for
the production of a polymeric CCA. A mixture of halocarbon
oil (HC; Halocarbon Co., Ltd.,) and Isopar G (IPG;
ExxonMobil) was adopted because it has been effectively
used for dispersing charge-stabilized nanoparticles in E ink
technology. The weight ratio between HC and IPG was
optimized at 1:1.7 to achieve a mass density of 1 g cm−3, which

is slightly lower than that of X-PtBMA μ-spheres (∼1.02 g
cm−3) prepared by emulsion polymerization. X-PtBMA was
rationally chosen as a polymeric μ-sphere system because it is
highly dispersible in HC/IPG. In addition, the synthesis of the
size-controlled X-PtBMA is simple and cost-effective.21,22 Other
μ-spheres based on polymers such as PS or PMMA, which were
formed by emulsion polymerization, were also investigated, but
these readily aggregated in this medium. Hence, highly uniform
X-PtBMA particles with different mean diameters of 170 and
200 nm were synthesized using both cationic and anionic
radical initiators, which were denoted as CAT-X-PtBMA170,
AN-X-PtBMA170, CAT-X-PtBMA200, and AN-X-PtBMA200,
respectively. Scanning electron microscopy images of four
different X-PtBMA μ-spheres are shown in Figure 1. Although

non-crosslinked PtBMA partially dissolved in HC/IPG that
contained AOT, the cross-linking of PtBMA μ-spheres enabled
the formation of a uniform dispersion in this medium, as well as
the prerequisites of an appropriate particle size and size
distribution for the formation of a CCA, the colloidal system,
also has to be completely dispersible without aggregation in a
given solvent to form a stable CCA that can display a clear
reflective color. This can be accomplished by the charge
stabilization of particles on the basis of the classical theory of
Derjaguin, Landau, Verwey, and Overbeek.31,32

In a hydrocarbon-based liquid, polymeric μ-spheres can bear
suitable surface charges with the assistance of charged micelles
of surfactant molecules.23 AOT, which is a surfactant composed
of one anionic sulfosuccinate head group and two branched
alkyl tail groups, forms inverse micelles in nonpolar hydro-
carbon solvents, as shown schematically in Figure 2. The role of
inverse micelles of AOT in a nonpolar medium is to provide
sufficient charge density on the surface of X-PtBMA particles,
which otherwise bear negligible amounts of charge and easily
aggregate. The mechanism of the charging of μ-spheres in
nonpolar media containing AOT is, however, still not clearly
understood owing to the complex formation of anionic and
cationic micelles and their adsorption behaviors.26 Each

Figure 1. Scanning electron microscopy images of X-PtBMA μ-
spheres used in this study: (a) CAT-X-PtBMA170, (b) CAT-X-
PtBMA200, (c) AN-X-PtBMA170, and (d) AN-X-PtBMA200. In (a)
and (b), the formation of the X-PtBMA particles was initiated by the
cationic initiator AIBA, whereas in (c) and (d), the formation of the X-
PtBMA particles was initiated by the anionic initiator PPS. The scale
bar in each image corresponds to 500 nm.
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aqueous dispersion of X-PtBMA was transferred to isopropyl
alcohol (IPA), which served as an intermediate medium, and
was finally dispersed in HC/IPG premixed with AOT. The
AOT content in HC/IPG was controlled in the range from 0.5
to 10 wt %, which largely exceeds the CMC of AOT in this
liquid.26 It was found that X-PtBMA μ-spheres surrounded by
AOT formed stable dispersions in HC/IPG at relatively high
AOT concentrations (>1 wt %). More importantly, all four μ-
sphere systems formed a CCA that displayed the respective
structural colors when the weight percentage of μ-spheres in
each dispersion reached ∼30 wt %. The CCAs formed from
CAT-X-PtBMA170 and AN-X-PtBMA170 exhibited green
reflective colors within the HC/IPG/AOT dispersant (Figure
S1, Supporting Information), whereas those formed from
particles with sizes of 200 nm displayed red colors.
To investigate the charge stabilization of X-PtBMA μ-spheres

in HC/IPG, the ζ of AN-X-PtBMA200 and CAT-X-PtBMA200
were measured at various AOT concentrations. The μ-sphere
content was fixed at 10−3 wt % for the measurements of the ζ
values. As shown in Figure 3, the surface potential exhibited
nonlinear behavior as a function of the AOT content, which
was in accordance with the results reported by a previous
investigation indicating a preferential sorption of anionic
micelles followed by subsequent saturation and adsorption of
cationic micelles with increasing AOT concentration.24

However, it should be noted that our dispersions were
prepared over a much higher range of AOT concentrations
(up to 10%) compared to that of dispersions in the previous
study.24 Typically, CAT-X-PtBMA μ-spheres exhibited positive
ζ values at low AOT contents, which can be attributed to the
protonated amidine group (see the Experimental Section) of
the cationic initiator. The absolute values of ζ decreased with
an increase in the AOT content, which was probably due to
charge compensation upon the preferential adsorption of
anionic micelles. AN-X-PtBMA200 exhibited an opposite
(increasing) tendency in the absolute values of ζ at AOT

contents of up to 3−4 wt %, which can be explained in an
analogous manner to the behavior of cationic μ-spheres by the
adsorption of anionic micelles. For both μ-sphere systems,
saturation of the ζ values was observed at AOT contents of
greater than ∼5 wt %, which can be explained by the complete
occupation of the particle surfaces by anionic AOT micelles,
followed by the additional adsorption of positively charged
micelles to compensate the surface potential, as can be seen for
AN-X-PtBMA200.26 Nonetheless, the tendency observed in the
ζ values of the PtBMA μ-spheres/HC/IPG/AOT system, as
shown in Figure 3, may not directly apply to the highly
concentrated dispersions of particles (>30 wt %) that were
actually employed for the fabrication of CCA displays in this
study.

Figure 2. (a) Molecular structure of AOT. (b) Schematic showing the adsorption of charged micelles of AOT in HC/IPG onto the surface of an X-
PtBMA μ-sphere above the CMC of AOT. Negatively charged micelles are preferentially adsorbed to provide a negative surface potential on the μ-
sphere. (c) Schematic of the all-organic electrically tunable reflective display. Charge stabilization of μ-spheres enables the formation of a polymeric
CCA at high contents (>30 wt %) of μ-spheres in the HC/IPG medium, which displays a structural color due to the Bragg diffraction of incident
light. Electrophoretic migration of μ-spheres upon the application of a voltage alters the interparticle spacing and thus changes the structural color.

Figure 3. ζ values of AN-X-PtBMA200 and CAT-X-PtBMA200
measured at 25 °C in HC/IPG at various AOT concentrations. The
particle concentration was set to 10−3 wt %. The absolute values of ζ
decreased for CAT-X-PtBMA200 with an increase in the AOT
concentration, whereas those of AN-X-PtBMA200 increased with an
increase in the AOT concentration up to 3 wt %. At AOT
concentrations higher than 3 wt %, the ζ values of AN-X-
PtBMA200 decreased.
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3.2. Electrical Color Tuning of the X-PtBMA CCA
Reflective Display. In the presence of an electric field (E-
field) applied between two indium tin oxide (ITO) electrodes,
reflectance spectra were recorded for CCAs at three different
AOT contents, as shown in Figure 4. Within the HC/IPG
medium at AOT contents of greater than 1 wt %, the CCAs
formed from both CAT-X-PtBMA200 and AN-X-PtBMA200
exhibited blue shifts in the reflection peaks under a voltage bias.
A blue shift in the reflective color displayed by a CCA within an
E-field implies that the colloidal particles migrated electro-
phoretically toward an electrode and the interparticle distances
decreased along the direction of the E-field. Figure 4a reveals
that the CCA formed from CAT-X-PtBMA200 with 1 wt %
AOT displayed a highly reflective color and a long diffraction
wavelength owing to the charged particles and the well-aligned
CCA, as can be expected from the ζ values of CAT-X-
PtBMA200 shown in Figure 3. However, electrical tuning (E-
tuning) of the CCA formed from CAT-X-PtBMA200 with 1%
AOT led to only slight changes in the peak wavelengths, as
shown in Figure 4a. An increase in the AOT content in CAT-X-
PtBMA200 apparently brought about a blue shift in the
reflection peak displayed by the CCA in the absence of a
voltage bias. In addition, the reflective colors became less
intense with an increase in the AOT content, as shown in
Figure 4b,c. The blue shift and reduction in the intensity of the
reflective colors with an increase in the AOT content can be

attributed to the reduction in ζ values caused by charge
compensation on the surfaces of the cationic μ-spheres. The
charge density on the surface of a μ-sphere is directly related to
the separation between μ-spheres and the crystallinity of the
CCA. A reduction in the value of ζ implies a decrease in the
thickness of the electrical double layer (EDL), a decrease in
interparticle distances, and a reduction in the crystallinity of the
CCA.
On the other hand, Figure 4b,c also shows improvements in

the E-tunability of the color responses with an increase in the
AOT content, which seems to be inconsistent with the
tendency of the electrophoretic mobility (μe) upon reduction
of ζ, as shown by eq (1)33

μ ε ε ζ η= 2 /3e r 0 (1)

where εr, ε0, and η denote the dielectric constants of the
medium, free space, and the solvent viscosity, respectively. It
should be noted that the ζ values of the concentrated CCA
might be different from those shown in Figure 3, which
represent a situation in which the particles were substantially
diluted (10−3 wt %). In addition, the Hückel theory predicts
that the μe value of a charged particle depends not only on the
value of ζ but also on that of the dielectric constant (εr) of a
given solvent in conditions in which the EDL is thick.33 At a
high AOT content, the competing contributions of an increase
in the value of εr and a decrease in that of ζ might have affected

Figure 4. E-tuning of peak reflectance observed for the CCAs prepared from CAT-X-PtBMA200 (a−c) and AN-X-PtBMA200 (d−f) in HC/IPG at
varying AOT concentrations. The respective concentrations of AOT were 1 wt % (a, d), 3 wt % (b, e), and 5 wt % (c, f), and the μ-sphere contents
were ∼30% for all six CCAs. Over the voltage bias range from 0 to 4 V, an increase in the AOT concentration resulted in an improvement in the E-
tunability of both systems. The general blue shift in the peaks and the decrease in the peak height with an increase in the AOT concentration for
CAT-X-PtBMA200 showed opposite tendencies to those for AN-X-PtBMA200, for which a red shift in the peaks recorded at zero bias and an
increase in the peak height with an increase in the AOT concentration were observed. These tendencies of the two oppositely charged colloidal
systems are in accordance with the variations in the ζ values with respect to the AOT concentration.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b17122
ACS Appl. Mater. Interfaces 2018, 10, 11776−11784

11780

http://dx.doi.org/10.1021/acsami.7b17122


the μe value of the cationic μ-spheres to bring about an
improvement in E-tunability, as demonstrated in Figure 4c. On
the other hand, we observed that the colloidal dispersion of
CAT-X-PtBMA200 at high AOT concentrations was readily
gelled during the preparation of the CCA and therefore the
preparation of the CCA and the subsequent E-tuning were
poorly reproducible. When AN-X-PtBMA200 was employed
for the preparation of the CCA, an increase in the E-tunability
of the color response was achieved with much higher
reproducibility in comparison to that observed for CAT-X-
PtBMA200. As shown in Figure 4d−f, increases in the AOT
content from 1 to 5% led to slight increases in the difference in
the reflection peak wavelength (Δλpeak) over the voltage bias
range from 0 to 4 V. The peak recorded in the absence of an E-
field underwent a red shift with an increase in the AOT
content, as was expected from the variation in the ζ values
shown in Figure 3. It is noteworthy that an increase in the AOT
content in the dispersion of AN-X-PtBMA200 increased the
intensity of the reflective color, as demonstrated by the increase
in the reflection peak heights in Figure 4d−f, which displays a
tendency opposite to those for the CCAs formed from CAT-X-
PtBMA200. From these tendencies of CCAs formed from AN-
X-PtBMA200, which exhibit brighter reflective colors with an
increase in the AOT concentration, it can be confirmed that an
increase in the ζ value on a μ-sphere results in the formation of
a higher-quality CCA. CCAs with higher AOT concentrations
(>7 wt %) were also investigated, but no distinguishable
improvement could be observed. In Figure 5, the values of the
reflection peak wavelength (λpeak), together with these values
normalized to the value of λpeak at 0 V (λpeak,0V), are plotted
against the applied voltage bias to facilitate the understanding

of the characteristic responses to E-tuning of the CCAs
investigated in this study. As shown in Figure 5c,d, for the
CCAs formed from CAT-X-PtBMA, the E-tunability (dλpeak/
dV) was highly dependent upon the AOT concentration,
whereas better E-tunability was evidently displayed by those
formed from AN-X-PtBMA, regardless of the AOT content.
Although a direct correlation between the plot of ζ versus the
AOT content shown in Figure 3 and the plots of λpeak for
different AOT contents shown in Figure 5 would be
inappropriate because of the great difference between the
concentration ranges of μ-spheres, it was clearly found that the
CCAs formed from the AN-X-PtBMA series with an AOT
content as high as 5 wt % constituted highly reflective and
highly E-tunable colloidal display systems.
Using the CCA formed from AN-X-PtBMA in HC/IPG

containing 5 wt % AOT as an optimized example of an all-
organic display, its E-tunable color response was rigorously
investigated. Figure 6 shows the changes in the reflective colors
and reflection spectra displayed by a single all-organic CCA cell
with an area of 1 × 1 cm2 and a thickness of 20 μm with
variations in the voltage bias.
Starting from a red color in the absence of an E-field, the

color changes were monitored while increasing the voltage bias.
At a voltage bias greater than 3 V, the E-tunability was
significantly decreased, as shown in Figure 4d. More
importantly, the reflection peak started to decrease in intensity.
At a bias of 10 V, substantial peak broadening also occurred and
the corresponding reflective color appeared as pale blue. Using
a thicker display cell, the colors at high voltages could be
improved because the diffraction of light from the CCA was
strengthened (Figure S2, Supporting Information). Weakening

Figure 5. Plots of λpeak (a, b) and λpeak/λpeak,0V (c, d) obtained from the full reflectance spectra of the CCAs prepared from CAT-X-PtBMA200 (a, c)
and AN-X-PtBMA200 (b, d) over the voltage bias range from 0 to 4 V. In comparison with the CCAs formed from CAT-X-PtBMA200, those
formed from AN-X-PtBMA200 evidently displayed higher color tunability (dλpeak/dV) over the entire voltage range, irrespective of the AOT
concentration.
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and broadening of the reflection peak imply that the long-range
ordering of the colloidal array is partially disrupted. It has been
suggested that a long-range ordering requires high surface
charge; thus, our system which has relatively low ζ is thought to
in part have short-range ordered assembly.30 More about the
particle ordering issue will be discussed in the later section.
3.3. Characteristic Features of the Reflective Display

of CCA Formed from X-PtBMA. One of the most intriguing
features of the all-organic display developed in this study is its
very low operating current in comparison with that in water. As
shown in Figure 7a, the operating current was measured in a

typical display cell consisting of two ITO electrodes (area of 1
× 1 cm2 and thickness of 25 μm) filled with AN-X-PtBMA200
in HC/IPG/AOT when programmed voltage biases of 2, 3, and
4 V were applied. The voltage program was chosen because
voltages of 2, 3, and 4 V, respectively, generated typical RGB
colors in this CCA system. The maximum electric current,
which was recorded at a voltage bias of 4 V, was measured to be
∼1.5 × 10−6 A, which is an extremely low value (6 μW cm−2)
when the large cell area (1 cm2) is taken into consideration. In

general, the display device with a power density lower than 10
mW cm−2 is considered to have an ultralow power
consumption level.1 Although the power consumption for
additional circuit control is not taken into account, the ultralow
power density to operate our all-organic CCA is worthwhile to
note. In the HC/IPG medium, the solubilities of metal ions are
very low in comparison with those in a polar medium such as
water, and thus the generation of an unwanted electric current
by redox reactions is minimized.
For comparison, a CCA formed from the same AN-X-

PtBMA200 μ-spheres dispersed in deionized (DI) water was
prepared and a display cell with the same thickness and area
was fabricated. Upon application of the same sequence of
voltage biases, the current initially measured at a bias of 4 V was
∼1.5 × 10−3 A, which was 1000 times higher than that
measured in the all-organic display cell. Ultralow operating
current in an electrical device implies two major advantages,
namely, low power consumption and a long device lifetime.
The current in the all-organic display was found to be stable
over repeated voltage bias cycles during an operating period of
several hours, whereas the CCA dispersed in water exhibited a
significant decrease in current, together with fluctuations in its
values, which were presumably due to the significant redox
reactions at the electrodes that can take place within the given
range of voltage biases. To confirm whether redox reactions
had occurred on the electrode surfaces, the color of ITO glass
electrodes in an aqueous cell after an operating period of 1 h
was compared with that of electrodes in an all-organic cell.
Significant darkening of the cathode surface was observed in the
aqueous cell, which implied that the deposition of metallic
impurities had occurred owing to the low overpotentials in the
aqueous medium (Figure S3, Supporting Information).
The rate of change in the color displayed by the all-organic

display was measured during an instantaneous voltage bias of 3
V, which induces a red-to-green color change. Measurements of
time-dependent reflectance were carried out on an AN-X-
PtBMA200 display cell with a thickness of 25 μm. In Figure 8,
time-dependent changes in the value of λpeak upon the
application of a voltage bias are plotted. At 2 s, a direct
current (DC) bias of 3 V was applied to induce a subsequent
exponential decay in the value of λpeak, accompanied by a blue

Figure 6. Changes in the reflective colors (inset) and reflection spectra
displayed by a single all-organic CCA cell (area = 1 × 1 cm2 and
thickness = 25 μm) with variations in the voltage bias. The single cell
was filled with a CCA dispersion of 40% AN-X-PtBMA200 in HC/
IPG containing 5 wt % AOT.

Figure 7. Operating current measured for reflective display cells
containing CCAs formed from AN-X-PtBMA200 μ-spheres dispersed
in (a) HC/IPG/5% AOT and (b) DI water. Preprogrammed voltage
biases of 2, 3, and 4 V, as indicated in the insets, were applied to both
cells.

Figure 8. Plot of time-dependent changes in the peak reflectance of an
all-organic display cell upon the application of an instantaneous
voltage bias of 3 V at 2 s. A display cell with a thickness of 25 μm
comprising AN-X-PtBMA200 in HC/IPG containing 5 wt % AOT was
used. Upon the application of a DC voltage bias, the value of λpeak was
observed to decrease exponentially from 627 to 540 nm. The data
were fitted to an exponential decay function with a decay time
constant of 1.1 s.
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shift in the reflective color. The data after 2 s were fitted to a
first-order exponential decay function to give a time constant
(τ) of 1.1 s.
The time required for the color change was longer than that

for the CCA formed from AN-X-PtBMA200 in water (τwater =
0.5 s) owing to the lower dielectric constant, as well as the
higher viscosity (1.3 cP), of HC/IPG, both of which affect the
mobility of μ-spheres. A graph of λpeak versus time for the
aqueous CCA is shown in the Supporting Information (Figure
S4). In addition to the demonstration in Figure 7 where a low
operating current is maintained with voltage biases, the
reversibility of reflective color under repeated voltage bias
was also examined, from which a stable voltage-driven color
changing was confirmed (Figure S5, Supporting Information).
In both the presence and absence of an E-field, the angular

dependences of the reflective colors were examined for AN-X-
PtBMA200 in HC/IPG/AOT. With normal incidence of white
light, angle-dependent reflection of colors was observed in the
range from 0 to 50°. The apparent colors of a reflective display
showing typical RGB colors at voltage biases of 0, 3, and 6 V
were almost unchanged regardless of the viewing angle (Figure
S6, Supporting Information). However, a slight decrease in the
value of λpeak (∼1.1%) was measured for red reflected light at a
bias of 0 V and a viewing angle of 50° (Figure 9). The angular

dependence of the diffraction wavelength, as shown in Figure 9,
is, however, not as great as that predicted by the modified Bragg
law for a face-centered cubic opal structure, which is given by
the equation 1.633·neff·d sin θ = λ, where neff is the effective
refractive index and d is the distance between particles in a
highly ordered opal lattice. A similar low angular dependence of
the optical response was reported in recent studies in which a
quasiamorphous colloidal structure was proposed rather than
the formation of a highly ordered CCA.14 In a quasiamorphous
colloidal array, short-range ordered colloidal arrays at high
concentration develop the reflective color and the bandwidth of
the reflectance peak appears to be generally broader than that
of CCA.14,34 A slight angular dependence of reflective colors
observed in our system implies that the structure of colloidal
arrays should be a moderately ordered CCA in which a
quasiamorphous character coexists. In any event, a relatively
low angular dependence of the structural colors, together with
the advantageous features of a low operating current and the
ability to generate RGB colors in a single pixel, hold the

potential for the development of highly efficient reflective
displays upon further engineering of the current device.

4. CONCLUSIONS
In summary, we have successfully demonstrated electrically
tunable all-organic full-color displays using CCAs formed from
charged cross-linked PtBMA μ-spheres in an HC/IPG liquid
medium in the presence of inverse micelles of AOT. Four μ-
spheres with different particle sizes were prepared using
different initiators for testing as E-tunable CCAs. At a high
solid content (>30 wt %) and a high concentration of AOT (>1
wt %), cross-linked PtBMA μ-spheres with a diameter of 200
nm formed a highly stable CCA, which exhibited changes in
structural color on the application of a voltage bias. E-tuning of
the RGB structural colors in an all-organic display cell with an
area of 1 cm2 was revealed to consume an extremely low
operating current (1.5 × 10−6 A at a bias of 4 V), which was
lower than that of a CCA in a water dispersant by a factor of
1000.
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