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Abstract
The dielectric medium used in electrophoretic displays (EPDs) is required to be an environ-
mentally friendly solvent with high density, low viscosity, and a large electric constant. Hy-
drofluoroether, a highly fluorinated solvent with eco-friendly characteristics, is regarded as a 
viable alternative medium for EPDs, owing to the similarity of its physical properties to those 
of the conventional EPD medium. Surface modification of particles is required, however, in 
order for it to disperse in the charged solvent. Also, positive/negative charges should be pres-
ent on the particle surface to enable electrophoretic behavior. In this study, carbon black par-
ticles wrapped with positively charged nitrogen (N-CBs) were fabricated by a simple hydro-
thermal process using a poly(diallyldimethylammonium chloride) solution as a black coloring 
agent for the EPD. The dispersion behavior of N-CBs was investigated in various solvents.

Key words: Electrophoretic display; Fluorinated solvent; Carbon black; PDDA; Dispersion 
stability

1. Introduction

Electrophoretic displays (EPDs), which express text and images using movement 
of color-charged nanoparticles, have attracted attention owing to their low power con-
sumption, flexibility, wide viewing angle, high reflectance, light weight, and potential 
for large-scale displays [1-3]. A pigment particle should fulfill the following three re-
quirements in order to show electrophoretic behaviors: (1) distinguishable color, (2) 
conflicting charge, and (3) complete suspension in a dielectric medium. Halocarbon 
0.8, which is an oligomer of chlorotrifluoroethylene, is widely used as the conventional 
dielectric medium for EPDs [4,5]. However, it presents an environmental hazard be-
cause of the chlorine atom present in each monomer unit [5]. Therefore, it is necessary 
to identify an environmentally friendly dispersion medium that is highly fluorinated 
(without chlorine) and to design charged particles with good dispersion stability in that 
solvent.

Pigment particles used in EPDs are usually synthesized through emulsion polymeriza-
tion with a colored dye [6-9] or produced from nano-sized globular materials such as TiO2 
and carbon black (CB), which express white and black color, respectively [10-13]. CB has 
attracted attention owing to its good electrical and morphological properties. However, un-
treated CB nanoparticles are prone to assembling, owing to the small aggregate distance be-
tween the particles, strong van der Waals forces, and high surface tension of the nano-sized 
primary particles [14-16]. This grape-like morphology of CB causes difficulties in achieving 
uniform particle size, thereby hindering the performance of EPDs. It is essential to sepa-
rate individual CB agglomerates to achieve a high-resolution EPD. Recently, several studies 
have sought to utilize CB nanoparticles as electrophoretic pigments via surface coating and 
grafting with polymers such as styrene, methyl methacrylate (MMA), and ethylene [17-20], 
as well as by functionalization of the particle surface [21-23]. However, these methods are 
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Fourier transform infrared (FT-IR) spectra of the samples 
were recorded using an infrared spectrometer (VERTEX 
80V, Germany) in the spectral region of 4000–400 cm-1. A 
zeta-potential analyzer (ELS-Z) was used to confirm the 
particle size distribution and zeta-potentials of N-CBs in 
HFE-7600.

2.3 Observation of N-CB dispersion behavior

The dried N-CBs (0.01 wt%) were ultrasonicated (power 
200 W, frequency 20 kHz) for 10 min in various solvents: 20 
g of water, ethanol (EtOH), methanol (MeOH), acetone, N,N-
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), 
tetrahydrofuran (THF), xylene, hexane, and HFE-7600, respec-
tively. The dispersion behaviors of N-CBs in various solvents 
were observed for 24 h. The dispersity of CBs and N-CBs were 
determined using a Turbiscan dispersion stability analyzer (For-
mulaction, France) for 48 h. 

3. Results and discussion

3.1 Morphology and structural characteristics 
of N-CBs

Fig. 1(a) illustrates the process used for the preparation 
of N-CB particles. The N-CBs showed a split structure 
wrapped by PDDA polyelectrolyte after the sonication/
hydrothermal process. The morphologies of CBs and 
N-CBs were investigated using FE-SEM and TEM. The 
two samples exhibited similar morphologies characterized 
by globular and aggregated nanometer-sized particles 
[Figs. 1(b)-(e)]. From the FE-SEM images, it was difficult 
to determine the degree of split of the nanoparticles, owing 
to powder sampling; further investigation was performed 
using TEM. The CBs were agglomerated, with particle 
sizes greater than 1 μm, as shown in Fig. 1(f). By contrast, 
after the sonication/hydrothermal processes, the N-CBs 
manifested split particles, with an average size of ~300 
nm [Fig. 1(d)].

The microstructures of CBs and N-CBs were studied by 
XRD and Raman spectroscopy (Fig. 2). Notably, the XRD 
patterns of CBs and N-CBs showed two broad graphite (002) 
and (100) peaks around 24° and 44°, respectively, indicat-
ing that they have similar carbon ordering [Fig. 2(a)]. The 
Raman spectra of CBs and N-CBs showed D bands centered 
at 1348.7 and 1338.8 cm-1, respectively, and G bands centered 
at 1572.9 and 1575.7 cm-1, respectively [Fig. 2(b)]. The D 
bands were attributed to the breathing mode of A1g symmetry 
of the sp2 bonded carbon near the edges of rings, and the G 
bands were linked to the E2g vibration modes of sp2 carbon 
atoms. The ratios of the integrated intensities of the D and G 
bands (ID/IG) were ~0.94 and ~0.92 for CBs and N-CBs, re-
spectively. The ID/IG ratios further indicated that the CBs and 
N-CBs were composed of few-nanometer-scale hexagonal 
carbon domains [29]. These results show that the sonication/
hydrothermal process did not apparently affect the carbon 
microstructure of the N-CBs.

complex.
In this study, to substitute the halocarbon mixture, we used 

hydrofluoroether (HFE) (specifically, the HFE-7600 solvent, 
C5H5G6OC3HF6) as a dielectric medium for an EPD, because 
of its low surface energy, low refractive index, chemical re-
sistance, and ultraviolet (UV) stability, as well as the simi-
larity of its physical properties to those of halocarbons, in-
cluding low viscosity, high density, and high electric constant 
[24,25]. Nitrogen-wrapped carbon black particles (N-CBs) 
were prepared through a sonication/hydrothermal process 
with poly(diallyldimethylammonium chloride) (PDDA) so-
lution. PDDA, which is a positively charged polyelectrolyte 
with linear chains, provided charged nitrogen on the surface 
of CB particles without color change [26-28]. Functional-
izing nanocarbons with the PDDA polyelectrolyte enhanced 
their dispersion stability in various solvents. In particular, the 
obtained N-CBs showed improved dispersity in the HFE sol-
vent.

2. Experimental

2.1 Preparation of N-CBs

CB powder (101 nm average particle diameter) was pur-
chased from Powder Technology Inc. PDDA solution (20 
wt% in H2O) was purchased from Sigma-Aldrich. First, 100 
mg of CB was added to 100 mL of deionized (DI) water and 
ultrasonicated for 1 h using an ultrasonic generator (Kyun-
gill Ultrasonic Co., Korea). The power and frequency were 
fixed at 225 W and 20 kHz, respectively. Then, 200 mg of the 
PDDA solution was added to the CB solution. The PDDA-CB 
mixture was sonicated for 1 h and allowed to stand for 10 
min. The mixture was subjected to a hydrothermal reaction 
process at 180 °C for 6 h. The resulting product was filtered 
and thoroughly washed with DI water and ethanol to remove 
any PDDA residue. The obtained sample (N-CBs) was re-
dispersed in DI water and freeze-dried at -50 °C and 0.0045 
mbar for 72 h. The resulting N-CBs were dried and stored in 
a vacuum oven at 30 °C. Sonication of CBs was carried out 
for 1 h and they were then freeze-dried under the same condi-
tions as the N-CBs.

2.2 Characterization

The morphologies of CBs and N-CBs were examined 
using field-emission scanning electron microscopy (FE-
SEM, S-4300SE, Hitachi, Japan) and field-emission trans-
mission electron microscopy (FE-TEM, JEM2100F, JEOL, 
Japan). To investigate the carbon microstructure of sam-
ples, X-ray diffraction (XRD, Rigaku DMAX 2500) pat-
terns were recorded using Cu-Kα radiation (wavelength λ 
= 0.154 nm) at 40 kV and 100 mA. Raman spectroscopy 
was carried out using a continuous-wave linearly polar-
ized laser (wavelength 514.5 nm, excitation energy 2.41 
eV, power 16 mW) with a 100× objective lens. The surface 
characteristics of the samples were investigated by X-ray 
photoelectron spectroscopy (XPS, PHI 5700 ESCA), us-
ing monochromatic Al Kα radiation with hν = 1486.6 eV. 
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ticles [27]. The C/O and C/N ratios of N-CBs were 5.07 and 
35.96, respectively, indicating that numerous heteroatoms 
were present on the surfaces of N-CBs.

Fig. 3(d) shows the FT-IR spectra of CBs and N-CBs. Con-
cordant peaks were observed at 1,400 and 1,635 cm-1, which 
could be interpreted as C-O-C bonding and C=O stretching, 
respectively. Peaks corresponding to C-H stretching and the 
methyl (-CH3) bond appeared in all samples, centered at 2,923 
and 2,860 cm-1. In contrast, the peak at 1,460 cm-1, related to the 
C-N bond, was found only in the spectrum of the N-CBs. Ab-
sorption peaks between 1,000 and 1,200 cm-1 were also observed 
in the N-CBs, owing to the presence of small aliphatic amines on 
the nanoparticle surfaces. These results prove that the nitrogen 
functionalities in N-CBs were successfully introduced from the 
PDDA polyelectrolyte by the hydrothermal process, in agree-
ment with the XPS analysis.

3.3. Dispersion stability of N-CBs

To predict dispersion behavior, the CBs and N-CBs were dis-
persed in various solvents, categorized as polar protic (water, EtOH, 
and MeOH), polar aprotic (acetone, DMF, NMP, and THF), and 
non-polar (xylene, toluene, and hexane), for 24 h [Fig. 4(a)]. We 
discussed using a Hansen solubility parameter that included dd, dp, 
and dh, indicating the dispersion cohesion, polarity cohesion, and 
hydrogen bonding cohesion parameters, respectively [30-33]. Table 
1 lists the parameters and surface energy values for each solvent. 
The N-CBs did not disperse in xylene, toluene, or hexane, which 
are non-polar solvents with hydrophobic properties (dp+dh < 10 
MPa1/2), suggesting that the dispersion stability of N-CBs is affected 
by the polar characteristics of the dispersion medium. A homoge-
neous colloidal suspension of N-CBs was obtained in the protic po-
lar solvents (water, ethanol, and methanol), with high dp+dh values 

3.2 Chemical structure of N-CBs

XPS experiments were performed to investigate the sur-
face chemical properties of CBs and N-CBs. As shown in Fig. 
3(a), several peaks were observed in the C 1s spectra of CBs, 
centered at 284.3 eV (sp2 C=C), 284.8 eV (sp3 C-C), 286.0 eV 
(C-O), and 289.9 eV (O=C-O bonds). After the hydrothermal 
process, similar peaks from sp2 C=C, sp3 C-C, C-O, and O=C-
O bonds, centered at 284.3, 284.8, 286.2, and 289.8 eV, re-
spectively, were observed in the C 1s spectra of N-CBs [Fig. 
3(a)]. In the O 1s spectra of CBs and N-CBs, C=O bonding 
centered at 531.2 eV and C-O bonding centered at 533.0 eV 
were observed [Fig. 3(b)]. The nitrogen signal in the N-CB 
spectra came from the PDDA polyelectrolyte. The N 1s spec-
tra of N-CBs exhibited a distinct peak centered at 402.6 eV, 
indicating charged nitrogen (N+). Another peak, appearing at 
397.0 eV, could be attributed to the cyano group (C=N) [Fig. 
3(c)]. Positively charged nitrogen groups on the N-CBs can 
improve the dispersion stability in various solvents owing 
to repulsive interactions, preventing the reunion of nanopar-

Fig. 1. (a) Schematic of the preparation of N-CBs. Morphological characteristics of the CBs and N-CBs. SEM images of the (b-c) CBs and (d-e) N-CBs under 
different magnifications. FE-TEM images of the (f ) CNs and (g) N-CBs. 

Fig. 2. Microstructures of N-CBs and CBs. (a) X-ray diffraction patterns 
and (b) Raman spectra of N-CBs and CBs.
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respectively) and surface tensions (g ≥ 37.10 mJ m-2) and a dp+dh 
value greater than 20 MPa1/2 (i.e., hydrophilic properties), showed 
good dispersity of N-CBs. HFE-7600 has a high electrical dipole 
moment (3.88 D, obtained by density functional theory calcula-
tions) due to its asymmetric molecular structure and exhibited simi-
lar dispersion stability to NMP [Fig. 4(b)] [34].

in a range of 22.1–58.3 MPa1/2. In the case of aprotic solvents, the 
dispersion behavior of N-CBs differed depending on the character-
istics of the particular solvent. A solvent with a large dipole moment 
makes it easier to solvate charged particles, owing to the dominant 
interactions between the dipole and the solute. For example, NMP 
and DMF, which have high dipole moments (4.09 D and 3.82 D, 

Fig. 3. Surface chemical properties of N-CBs and CBs. XPS analysis: (a) C 1s and (b) O 1s spectra of N-CBs and CBs. (c) N 1s spectra of N-CBs. (d) FT-IR spec-
tra of N-CBs and CBs.

Fig. 4. (a) Dispersion images of 0.01 wt% N-CBs in various solvents after 24 h. (form left : Water, Ethanol, Methanol, Acetone, DMF, NMP, THF, Xylene, Tolu-
ene, Hexane) (b) Dispersion images of CBs and N-CBs in HFE-7600. (c) Turbiscan data of CBs and N-CBs in HFE-7600. (d) Particle size distribution data for N-
CBs in HFE-7600.
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