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Abstract: Electrophoretic displays based on electronic inks are promising candidates for electronic-paper appli-
cations because of their excellent ink-on-paper quality. Microcapsules containing polymer-coated titanium di-
oxide and green electronic ink suspensions as core materials were fabricated via complex coacervation using 
gelatin/acacia as the wall materials. The gelatin/acacia microcapsules were characterized in terms of their mi-
crostructure, morphologies, thermal properties, and electrophoretic display cell structure by means of optical 
microscopy, confocal laser scanning microscopy (CLSM), and thermogravimetic analysis (TGA). The ex-
perimental results reveal that the polymer-coated white electronic inks in the microcapsules moved toward the 
positive electrode, but were pulled back in the opposite direction when the polarity was reversed. 
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Introduction

1)

  Electronic papers (e-papers) have attracted a great deal 
of interest for applications involving information dis-
plays requiring low cost, light weight, flexibility, and 
low power consumption. Compared to current displays, 
such as transmissive liquid crystal displays (LCDs), or 
emissive technologies, such as organic light diode dis-
plays (OLEDs), field emission displays (FED), and plas-
ma displays (PDP), the power consumption of electronic 
ink displays is very low [1-4]. This situation results first-
ly from the fact that electronic ink displays are fully re-
flective devices and require no backlights. Secondly, the 
fact that the generation of the image is based on a bi-
stable mechanism, which does not require power con-
sumption for image retention, further advantages elec-
tronic ink displays over reflective LCDs, while the for-
mer also have very low power consumption and much 
more favorable values for the reflectance, contrast ratio, 
viewing angle, and bistability. In addition, electronic ink 
is flexible, erasable, and rewritable. The inherent bist-
ability of electronic ink means that even if the external 
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power is turned off, the recorded image must remain. 
This bistability is one of the most important factors al-
lowing for low power consumption, and it is one of the 
most representative properties of electronic ink displays. 
Reflective electronic ink displays with these require-
ments can be manufactured using cholesteric liquid crys-
tals, twisting balls, mobile fine particles with liquid crys-
tals, in-plane electrophoretic particles, and microcapsule- 
type electrophoretic particles [5-16]. Especially, in-plane 
and microcapsule-type electrophoretic displays (EPDs), 
which allow both images and text to be shown by apply-
ing a voltage to moving charged particles, are one of the 
most promising candidates because they offer novel ad-
vantages such as a wide ink-on-paper viewing angle, im-
age stability in the off state, and extremely low power 
consumption. In this paper, we report on the principle 
and properties of a reflection-type in-plane electro-
phoretic display based on the movement of oppositely 
charged green and white electronic ink particles. 

Experimental

Materials
  Gelatin and gum arabic as the wall materials, gluta-
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raldehyde as the crosslinker, citric acid and sodium bicar-
bonate as the pH control agents, span 85, fluorescein iso-
thiocyanate (FITC), and tetrahydrofuran (THF) were ob-
tained from Sigma-Aldrich Chemicals, USA, and used 
without any further purification. Polymer-coated titanium 
dioxide and green electronic inks were used as the core 
materials [17], and halocarbon oil (Halocarbon Co. Ltd. 
USA) and Isopar G (Exxon Mobile, USA) were used as 
the suspension medium for the core materials. Polyisob- 
utylene succinimide (OLOA 1200) was selected as the 
negative charge control additive.

Preparation of Polymer Coated Titanium Dioxide
  The polymer-coated titanium dioxide electronic inks 
were prepared by two-step dispersion polymerization as 
described previously [17]. In the first step, 2 wt% of PVP 
(Poly N-vinyl pyrrolidone), intended to act as a stabil-
izer, was dissolved in methanol in a 500-mL four-neck 
round-bottom flask equipped with a mechanical stirrer, 
thermometer, reflux condenser, and nitrogen gas inlet 
and outlet. TiO2 particles were dispersed in a mixture of 
St and DVB by 5 min of sonification at room tempera- 
ture. The nature of the dispersion was confirmed by 
means of an optical microscope. The TiO2 dispersion in 
the monomer mixture was poured into the 2 wt.-% PVP/ 
methanol solution and emulsified with an ultra-sonifica-
tor for 5 min. A solution of AIBN was then added to the 
reactor. The stirring speed was fixed at 250 rpm. The 
flask was immersed into a 65 oC oil bath under a nitrogen 
atmosphere. The polymerization was performed at 65 oC 
for 6 h. In the second step, MAA was added slowly to the 
reactor to incorporate it into the composite particle 
surface. After adding the MAA, the reactions were per-
formed for 12 h at the same temperature. Cooling to 
room temperature terminated the reaction. Deionized wa-
ter was added to the TiO2/P(St-co-DVB)-MAA hybrid 
composite particles mixture, which was then mixed 
thoroughly. The TiO2/P(St-co-DVB)-MAA hybrid com-
posite particles were isolated from the mixture by 
centrifugation. The supernatant was decanted and the re-
maining TiO2/P(St-co-DVB)-MAA hybrid composite 
particles were washed with deionized water five times. 
Finally, the TiO2/P(St-co-DVB)-MAA hybrid composite 
particles were dried at -90 oC in a freeze drier. 

Preparation of Green Colored Electronic Inks
  The green colored electronic inks were prepared by dis-
persion polymerization [18]. In a typical example, poly 
(vinylpyrrolidone) (1.5 g) and Sudan black B (0.3 g) were 
dissolved in 240 mL of methanol and 60 mL of water un-
der nitrogen at 65 oC in a 500-mL four-neck round-bot-
tom flask equipped with a mechanical stirrer. A mixture 
of 28.5 g of MMA, 1.5 g of EGDMA, 0.3 g of AIBN, 
and 0.03 g of negative charge control additives was add-

ed to the flask; the polymerization was then allowed to 
proceed for 24 h. In this work, the MMA/EGDMA 
weight ratio (95:5) in the monomer mixture, the concen-
tration of the stabilizer, the concentration of the initiator, 
and the polymerization temperature were kept constant 
throughout the whole study, while the relative pro-
portions of methanol, water, and the malachite carbinol 
green G were varied. The reaction mixture was cooled, 
diluted with methanol, decanted, washed several times 
with methanol and water, and dried in a freeze drier. 

Preparation of Microcapsules
   The microcapsule fabrication procedure was as fol- 
lows. To make 50 g of internal phase ready for encapsu-
lation, two separate portions were prepared. For the first 
portion containing white ink particles, 25 g of internal 
phase was prepared by mixing 1.5 g of polymer-coated 
titanium dioxide white electronic inks with 0.15 g of 
OLOA 1200 charge control agent, 0.15 g of span 85, and 
23.2 g of 1:1 (w/w) halocarbon/Isopar G oil. This sus-
pension was mixed overnight and then sonificated for ca. 
2 to 3 h. For the second portion with green ink, 1.5 g of 
green color electronic ink was combined with 10 g of 1:1 
(w/w) halocarbon/Isopar G oil; this suspension was also 
mixed overnight and then sonificated for 2 to 3 h. The 
white and green suspensions were then mixed and diluted 
with 15 g of 1:1 (w/w) halocarbon/Isopar G oil. 
  Complex coacervation classically occurs from the mu-
tual neutralization of two oppositely charged polymers. 
In the present study, the gelatin/gum arabic polymer pair 
was coacerbated at a ratio of 3/2 (w/w) and at a pH of 
less than 4.8. A 100-mL aqueous solution of gelatin 
(containing the cationically charged polymer at pH 4.8) 
at a ratio of 6 (w/v) was prepared in a double-jacket re-
actor at 45 oC, with propeller mixing at various stirring 
rates. A suspension of electronic ink in 50 g of hal-
ocarbon oil and Isopar G was added under stirring until 
the oil-in-water (o/w) emulsion was obtained. After- 
ward, 100 mL of an aqueous solution of gum arabic 
(containing the anionically charged polymer) at a ratio of 
4 (w/v), prepared in a double-jacket reactor at 45 oC un-
der stirring, was added. After dilution with deionized wa-
ter at 45 oC, the pH was adjusted to 4.5 by adding an 
aqueous solution of citric acid at a concentration of 10 
%. Then, the temperature was lowered by 5 oC and the 
solution maintained within this temperature range for 2 
h. These conditions allow the polymer complex co-
acervates to form, which then adsorbed onto and coated 
the suspension droplets. The outer polymer wall was then 
crosslinked using 3 mL of glutaraldehyde solution under 
stirring overnight at 5 oC. The liquid phase was then re-
moved and the microcapsules in the liquid phase were 
washed one time by sedimentation and re-dispersion in 
deionized water. 
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Figure 1. Schematic illustration of a microcapsule-type electro-
phoretic display cell structure.

   (a)                                               (b)
Figure 2. Scanning electron microscopy images of (a) pos-
itively charged white electronic inks and (b) negatively charged 
green electronic inks.

Measurements
  The capsule size and size distribution of the micro-
capsules were measured by dynamic light scattering 
(DLS, Brookhaven) and their morphology was examined 
by optical microscopy (Nikon, Japan). To characterize 
the polymer distribution, the fluorescence intensity 
across the imaged microcapsule wall was determined 
quantitatively. The labeling of gelatin in the coacervation 
process was performed with gelatin-FITC. A Biorad 
MRC 1024 (CLSM), equipped with an argon laser and a 
Zeiss axiovert 100 microscope, was used to investigate 
the distribution of the fluorescent-labeled capsule wall 
materials and the morphology of the microcapsules. By 
dispersing the microcapsules in water, samples were pre-
pared for the CLSM measurements.

Results and Discussion

  Figure 1 shows the cross-section structure of the micro-

(a)

(b)
Figure 3. (a) Mean sizes of the microcapsules prepared with 
different stirring rates and (b) particle size distribution of the 
capsules prepared at 500 rpm.

capsule-type electrophoretic display device cell. The mi-
crocapsule-type electrophoretic displays emit a blue or 
white pattern depending on the polarity of the applied 
bias voltage. When a positive bias voltage is applied to 
the upper ITO electrode, the green particles move to the 
upper ITO electrode because they are negatively charged. 
When viewed from above, because the green particles 
adhere to the interface of the upper electrode, the human 
eye perceives a green image. The reverse (white image) 
is obtained when a positive bias voltage is applied to the 
lower ITO electrode. Even if the device is turned off, the 
oppositely charged green and white particles remain at-
tached to the respective ITO electrode interfaces by 
means of electrostactic force. Switching the polarity of 
the bias voltage allows the display of blue and white im-
ages to be controlled.
  Figure 2 shows scanning electron microscopy images of 
the polymer-coated titanium dioxide and green electronic 
ink particles, the surfaces of which were smooth and reg-
ular, with narrow particle size distributions.
  Figure 3 shows the particle size and size distribution of 
the prepared gelatin/gum arabic microcapsules contain-
ing the electronic ink suspensions prepared at different 
stirring rates in the emulsion. The total microcapsule 
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Figure 4. Optical microscopy images of white and green elec-
tronic ink suspension droplets prepared at stirring rates of (a) 
300 and (b) 500 rpm. Scale bar: 100 µm.

Figure 5. Thermogravimetric analysis (TGA) traces (a) of poly-
mer-coated titanium dioxide (b) white and green electronic inks 
suspension containing microcapsules, and (c) gelatin-gum ara-
bia microcapsule wall materials.

size decreased with increasing stirring rate. The dis-
tribution of the prepared microcapsules depends mainly 
on the stirring rate in the o/w emulsion. The optical mi-
croscopy images of the microcapsules prepared with dif-
ferent stirring rates are shown in Figure 4. The micro-
capsule size distribution became narrower and the micro-
capsules became smaller as the stirring rate increased, 
due to the microcapsules being separated for longer peri-
ods of time during the stirring process, which plays an 
import part in producing a large number of micro-
capsules with smaller sizes. 

Figure 6. Optical microscopy images of (a) white and green 
electronic ink suspension microcapsules prepared at a stirring 
rate of 500 rpm and (b) its arrayed electrophoretic display cell. 
Scale bar: 100 µm.

  TGA thermograms of the gelatin/gum arabic coacervate 
and microcapsules containing the electronic inks are 
shown in Figure 5. The white electronic ink (curve a) has 
the final residue of 40 % while the wall material (curve 
c) shows 4 % of the final residue. Therefore, the residue 
in the TGA thermogram of the microcapsule (curve b) is 
mainly composed of TiO2, which comes from the white 
electronic ink. The gelatin/gum arabic wall material and 
electronic ink containing microcapsules show final 
weight losses of up to 96 and 92 %, respectively. There 
is a cc 4 % residual weight difference between them. 
From this result, it could be approximated that the micro-
capsules contain more than 4 % of the electronic inks. 
  As shown in Figure 6(a), the color of the droplets was 
white/green, which indicates that both the white and 
green electronic inks were suspended in the halocarbon/ 
Isopar G oil mixture, as intended. The microcapsules 
were spherical, which means that the oil droplets in the 
initial state maintained their shape through the reaction 
periods. Figure 6(b) shows an image of microcapsule ar-
ray prepared as follows. First, the microcapsules were 
spread over the indium tin oxide-coated glass. Then, the 
plate was overcoated with a polyurethane binder using a 
bar coater with a 200-mm gap setting, and the overcoated 
film was dried at 50 oC for 10 min. 
  Figure 7(a) presents a CLSM image of the micro-
capsules produced in this study. The black parts repre-
sent the core materials while the green parts correspond 
to the wall material on which the fluorescent-labeled 
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Figure 7. Confocal laser scanning microscopy images of (a) microcapules and (b) a cross-section randomly constructed at the micro-
capsule wall from different sectioning planes. 

Figure 8. Photographs of an electrophoretic display cell: (a, b) un-patterned and (c, d) patterned images.

gelatin was employed. Figures 7(a) and (b), confirm that 
complete encapsulation had occurred. By means of 
CLSM, quantification of the labeled polymer in the wall 
material was possible. 
  Figure 8 shows top views of the display cell for the 
green and white images. The cell contains a mixture of 
green and white electronic ink particles at a ratio of 95:5 
w/w, in which the two electrodes were separated by a 
200-µm-thick spacer. The applied voltage was 50 V. The 
coverage of the green electronic ink particles in Figure 
8(a) was near 100 %, indicating that the green electronic 
ink particles were efficiently pulled to the top. The 
cross-section view of the single cell revealed that many 
green electronic ink particles were separated from the 
layer of white electronic ink particles (not shown). The 
white displays in Figure 8(b) represent the case in which 
the green electronic ink particles moved toward bottom.  
This set of figures (a and b) demonstrates the basis of the 
image formation process in the electrophoretic displays. 

The other microcapsule-type electrophoresis display cell 
[Figure 8(c)∼(d)] exhibited similar behavior to that of 
the in-plane-type electrophoretic displays. 

Conclusions

  In this study, gelatin/gum arabic microcapsules contain-
ing polymer-coated titanium dioxide and a green elec-
tronic ink particle suspension, which were used as core 
materials, were prepared by complex coacervation 
techniques. The microcapsule size, size distribution, and 
morphology were measured under different experimental 
conditions using OM, TGA, and CLSM to investigate the 
process of complex coacervation. The prepared micro-
capsules were found to contain more than 4 % electronic 
ink, as derived from the residual weight difference of the 
microcapsules and microcapsule wall materials. We 
found that the sizes of the microcapsules were largely de-
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pendent on the stirring rate. These oppositely charged 
electronic ink-containing microcapsules are good candi-
dates for use in microcapsule-type color electrophoretic 
displays. 
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