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Electrophoretic displays (EPDs) are attracting attention as potential candidates for information display due

to their eye-friendly nature, environmental friendliness and bistability. However, their response speed,

which is closely related to the charging behavior of electrophoretic particles, is still inadequate for

practical applications. Herein, five basic surfactants were employed to adjust the particle charge of

titanium dioxide (TiO2) in the apolar medium Isopar L. Particle charge is strongly related to the effective

surfactant coverage on surface sites, dominated by the interaction between anchoring groups and

solvation chains. As a result, the electrophoretic mobility of TiO2 could be tuned between −8.09 × 10−10

and +2.26 × 10−10 m2 V−1 s−1. Due to the increased particle charge, TiO2 particles could be well

dispersed in Isopar L with the assistance of S17000, T151 and T154. A black-white dual particle

electrophoretic system with 2.0% (w/v) S17000 was constructed to obtain EPD devices. The EPD device

gained a maximum white-and-black-state reflectivity of 41.79%/0.56% and a peak contrast ratio of 74.15.

Its response time could be reduced to as low as 166.7 ms, which outperforms the majority of other

black-white EPD devices.
Introduction

Owing to their high refractive index and reectivity,1,2 desirable
stability3 and eco-friendly characteristics,3 titanium dioxide
(TiO2) particles are among the most universally utilized inor-
ganic particles in various elds, including humidity sensor
devices,4 printing inks,5,6 coatings7,8 and electrophoretic
displays (EPDs).9,10 With respect to other inorganic white
pigments, zinc oxide (ZnO) is sensitive to ambient light,
humidity and chemicals and its refractive index is relatively low.
Barium sulfate (BaSO4) with its relatively high density is difficult
to disperse. Therefore, TiO2 is one of the most optimal white
particles. In addition, TiO2 needs to be appropriately charged in
apolar media in many applications, especially EPDs. EPD
technology, which is widely used in e-readers, bus stop boards
and so on, uses an applied electric eld to control the trajectory
of charged particles in an apolar medium to display images.11 In
contrast to luminescence displays, this reective display tech-
nology can be realized without an external electric eld, which
is dened as bistability. In addition, other important
logy, Tianjin University, Tianjin, 300072,

ical Science and Engineering, Tianjin,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
parameters of EPD, including the response speed, reectance
and contrast ratio, are all closely related to the particle charge.
So, in order to improve the display effect of EPD, it is necessary
to adjust the particle surface charge.

Unfortunately, there is still a lack of a clear theoretical
explanation for the charge-generation-and-retention mecha-
nism in apolar media.12 The main reason is there is a larger
Bjerrum length (lB) in apolar media compared with that in polar
media.12–14 lB refers to the distance between particles when the
electrostatic interaction energy and thermal energy are
balanced, i.e., the minimum distance at which particles can be
independent and its expression is as follows:

lB ¼ e1e2

4p303rkBT
(1)

where e1 and e2 are particle charges, 3r is the relative dielectric
constant of the medium, 30 is the dielectric constant of vacuum,
kB is the Boltzmann constant, and T is the temperature. For
instance, the lB of water is 0.7 nm at 25 °C, while that of apolar
medium is around 30 nm (dodecane's for example is 28 nm).15–17

On the one hand, this means that the capacitance of the electric
double layer on particles in apolar media is small, which will
result in difficulties for particles to obtain the surface charge.18

Additionally, the low particle charge will lead to problems such
as slow response speed and low contrast ratio. Conversely, it
also means that the electric shielding in the suspension is weak,
and the charge interaction distance can be long-range.19 This
Nanoscale Adv., 2024, 6, 4111–4118 | 4111
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leads to the incomprehensible charging behavior of particles in
apolar media.

To address this issue, amphiphilic surfactants are oen used
as charge control agents to afford nanoparticles with an
enhanced particle charge in apolar solvent.20,21 Such surfactants
contain anchoring groups and solvation chains. Anchoring
groups can rmly adsorb themselves to particles and increase
the local 3r of solvents. Therefore, they can induce particles to be
highly charged,22 enhance electrostatic shielding between
particles23,24 and shorten lB.25 Additionally, solvation chains can
provide steric hindrance and improve the dispersion stability of
particles,26 which can produce a charged system akin to an
aqueous system.27 Several researchers have focused on this area.
Ponto et al.28 used Span 80 and OLOA 11000 to control the
charge of TiO2, and the electrophoretic mobility could be tuned
in the range of−2× 10−10 to 0.5× 10−10 m2 V−1 s−1 in Isopar L.
Yin et al.29 treated TiO2 with Span 85, and the electrophoretic
mobility was −4.00 × 10−10 m2 V−1 s−1 in C2HCl3, and the
response time of the EPD device was 3000 ms. Noël et al.30

modied TiO2 with Span 80, the electrophoretic mobility of
which could reach +3.5 × 10−10 m2 V−1 s−1 in Isopar G, and the
response time of resultant EPD device was 500 ms. Lee et al.21

treated TiO2 with OLOA 1200, and the electrophoretic mobility
could reach −5.24 × 10−10 m2 V−1 s−1 in C2Cl4, and the
response time of the EPD device could reach 240 ms. Although
previous research has been able to reduce the response time to
some extent by improving the particle charge, there is still room
to further advance the response speed for EPD applications.

In this work, a highly charged and stable dispersion system
of TiO2 in an apolar medium (Isopar L) was established with the
assistance of ve basic surfactants possessing different polar
groups and solvation chains. Surfactants can not only be
adsorbed on the surface of particles to adjust the charge but
also form reverse micelles (RMs) in apolar media. The charging
behavior of TiO2 was studied systematically, and the dispersion
stability was also evaluated. Based on the acid–base charging
mechanism and adsorption–desorption of RMs, the electro-
phoretic mobility of TiO2 in isododecane/Isopar L could be
adjusted within the range of −8.09 × 10−10 and +2.26 × 10−10

m2 V−1 s−1. The dispersions were also highly stable with almost
constant transmitting and backscattering data. As a result, the
TiO2 dispersion was applied to the EPD preparation to evaluate
its optical and electrical properties. The target EPD device was
able to obtain a maximum white-and-black-state reectivity of
41.79%/0.56% and an optimal contrast ratio of 74.15. Particu-
larly, its response time was signicantly reduced to 166.7 ms,
which is at the forefront of the currently reported EPD devices.

Experimental section
Material

Isopar L was obtained from Shanghai Huishuo Chemical Co.
Ltd (China), and the purity was 99.9%. TiO2 was purchased from
Shanghai Kemu Chemical Co. Ltd (China). Manganese ferrite
(FeMn) black particles were obtained from Hunan Kelai New
Materials Co. Ltd. High molecular weight polyisobutylene suc-
cinimide (T161), polyisobutene succinimide (T151) and
4112 | Nanoscale Adv., 2024, 6, 4111–4118
polyisobutylene-bis-succinimide (T154) were all supplied by
Jinzhou Petrochemical Co. Ltd (China), and the purity was 99%.
Solsperse 17 000 and Solsperse 24 000 were from Lubrizol
Specialty Chemical Manufacturing Co. Ltd (Germany), and the
purity was 99%. All the chemicals were used without further
purication.
Preparation of the EPD medium and EPD device

EPD medium: 16 wt% TiO2 was dispersed in Isopar L with
different concentrations (1.0 wt%, 1.5 wt%, 2.0 wt%, 2.5 wt%,
3.0 wt%, 4.0 wt% and 5.0 wt%) of surfactants by milling for 3
hours to obtain white ink. Similarly, 11 wt% FeMn black
particles were dispersed similarly to obtain black ink.

EPD device: the EPD device was made of two pieces of
transparent ITO glass and a 50 mm thick polyurethane lm with
a 20 mm2 cavity. The cavity is the display area. Black-and-white
electric ink and additional additives were evenly dispersed by
ultrasound and added into the cavity of the EPD device. Driven
by an electric eld of 0.3 V mm−1, the reectivity of the EPD
device was measured by a spectrophotometer, and the response
time of EPD device was measured by an electronic ink tester.
Characterization method

The critical micelle concentration (CMC) of surfactants was
determined by measuring the surface tension at different
concentrations with an optical contact angle meter & interface
tensiometer (SL 250, Kino Scientic Instruments Inc., U.S.). The
electrophoretic mobility of nanoparticles was measured by
a microelectrophoresis apparatus (JS94J, Shanghai Zhongchen
Digital Technology Co. Ltd, China). The intensity of trans-
mitting (T) and backscattering (BS) light of a near-infrared light
source (880 nm) was recorded by using a universal stability
analyzer (Turbiscan Tower, FormuLaction Co. Ltd, France) to
measure the dispersion stability of different EPD dispersions
and the turbiscan stability index (TSI), which is a parameter for
systematic evaluation of dispersion stability, was tted
comprehensively by T and BS light. A high-performance specic
surface area and micropore analyzer (BSD-600M, Beishide
Instrument Technology Co. Ltd, China) was used to test the
particle specic surface area. The transient current of the elec-
trophoretic dispersions was recorded by a source meter
instrument (Keithley 2400, Tektronix Co. Ltd, China) under an
external electric eld of 0.3 V mm−1.
Results and discussion

In this study, the applied TiO2 is commercially available with
a particle size range of 200–400 nm (Fig. 1(a) and S1†), which
belongs to the half-wavelength region of visible light for EPD
applications. Fig. 1(b) revealed that the point of zero charge
(PZC) for the TiO2 particles determined in water was about 3.75.
In addition, its water/oil contact angle was evaluated to be
12.47°/26.42° (Fig. 1(d)), respectively, which is indicative of
amphiphilic properties. The specic surface area of the TiO2

particles was measured to be 42.83 m2 g−1. Hence, this high
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TEM image of TiO2. (b) Diagram of the zeta potential change of TiO2 at different pH values. (c) Adsorption and desorption curve of TiO2.
(d) Contact angle diagram of TiO2. (e) Structure diagram of surfactants. (f) Contrast diagram of liquid surface tension after adding different
concentrations of surfactants.
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surface area together with the many hydroxyl groups on the
TiO2 surface permits sufficient absorption of surfactants.

Here, ve basic surfactants, namely T161, T151, T154,
S17000 and S24000 (Fig. 1(e)), were employed to adjust the
charging behavior of the TiO2 particles. The anchoring groups
of all these surfactants contained similar amino groups with
different numbers and valence states, and their solvation
groups were equal or multiple in length, making them valuable
for discussion. Owing to their different chemical structures and
properties, a comprehensive understanding of the inuence of
alkaline surfactants on TiO2 could be obtained, especially the
electrical performance. To obtain the critical micelle concen-
tration (CMC), surface tension characterization was carried out.
Fig. 1(f) illustrates that the surface tension of the surfactants in
Isopar L changes with their concentration. Notably, the surface
tension of T161 remained constant over the whole test range.
Conversely, the surface tension became stable at 0.3% (w/v),
0.3% (w/v), 0.5% (w/v) and 0.6% (w/v) for T151, T154, S17000
and S24000, respectively. It can be inferred that all the surfac-
tants possess CMCs except T161. Hence, RMs can be formed in
Isopar L for T151, T154, S17000 and S24000, which can also be
proved by the Tyndall effect in Fig. S2.†

Characterization of TiO2 aer modication with surfactants

Fig. 2(a) displayed the XRD pattern of TiO2 before and aer
treatment with surfactants. In all the lines, the diffraction peaks
at 2q = 27.48°, 36.13°, 39.24°, 41.30°, 44.10°, 54.37° and 56.69°
match with the (110), (101), (200), (111), (210), (211) and (220)
lattice planes of rutile TiO2 nanoparticles, respectively. Hence,
the modication of TiO2 did not change the crystal form of
TiO2. In addition, the crystal structure of rutile TiO2 has
tetragonal and lattice parameters a = b = 4.584 Å and c = 2.953
Å and it belongs to the space group D4h14 = P42/mnm and has
© 2024 The Author(s). Published by the Royal Society of Chemistry
four Raman active vibration modes (A1g + B1g + B2g + Eg). As
shown in Fig. 2(b), the Raman spectra of TiO2 had active modes
at 166 cm−1 (B1g), 243 cm−1 (multiphonon resonance scat-
tering), 447 cm−1 (Eg) and 609 cm−1 (A1g), all of which corre-
sponded to the rutile crystal structure of TiO2. Fig. S1† showed
the TEM image of raw and treated TiO2. There were no obvious
differences between their coating thickness. This was mainly
owing to the monomolecular adsorption layer of surfactants on
the particles, which was too thin to be observed.

As shown in Fig. 2(c)–(g), the oil/water contact angles of TiO2

modied with T161, T151, T154, S17000 and S24000 were
17.32°/65.45°, 12.26°/83.42°, 12.79°/86.91°, 8.22°/85.35°, 9.25°/
89.61°, respectively. Therefore, the surface of TiO2 changed
from amphiphilic into hydrophobic and oleophilic, which was
mainly caused by the alkane chains on surfactants. Specically
speaking, the surface of raw TiO2 was mainly covered by
hydroxyl groups, which could show great affinity for water and
oil. Aer being covered by surfactants, groups covered on the
surface of TiO2 changed into long alkyl chains and showed
hydrophobicity and lipophilicity.

Inuence of surfactants on the charging behavior of TiO2

As revealed in Fig. 3(a), TiO2 treated with T151, T154, S17000 and
S24000 exhibited a negative charge. This can be explained by the
mechanism of the acid–base interaction between the surfactant
and particle surface, in which the sign of the particle charge
depends on the relative acidity of the particle to the surfactant.
TiO2 possesses an acidic hydroxyl surface and the anchoring
groups of the surfactants all contain basic amino groups. Thus,
the particle surface groups and anchoring groups can be regar-
ded as proton donors and acceptors, respectively (see in Fig. 2(c)).

Taking TiO2 treated with T151 as an example, the surface of
TiO2 is partially coated with adsorbed surfactants. Most of the
Nanoscale Adv., 2024, 6, 4111–4118 | 4113
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Fig. 2 (a) XRD pattern and (b) Raman spectra of TiO2. Contact angle diagram of TiO2 modified with (c) T161, (d) T151, (e) T154, (f) S17000 and (g)
S24000.

Fig. 3 (a) Electrophoretic mobility and (b) zeta potential of TiO2 modified with different surfactant concentrations. (c) Mechanism diagram of
TiO2 modified with T151. The mechanism diagram of TiO2 with modified T161 at (c0) relatively low concentration and (c00) relatively high
concentration. (d) Peak current of surfactant dispersion with different concentrations. (e) Plateau current of particle dispersions with different
surfactant concentrations.
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remaining surfactants tend to form RMs surrounding TiO2.
Subsequently, acid–base charge transfer occurs between –OH on
the particle surface and the –NH2 of surfactants. This charge
transfer leads to the formation of –NH3

+, which prefers to enter the
polar cores of the RMs. Consequently, a small number of surfac-
tants detach from the TiO2 surface, achieving ion pair separation
and leaving the surface of the TiO2 negatively charged with –O−.

The magnitude of electrophoretic mobility (h) of the TiO2

particles with the four surfactants was evaluated and their zeta
potential (z) was calculated using eqn (2):31,32

z ¼ 3hm

23
(2)
4114 | Nanoscale Adv., 2024, 6, 4111–4118
where z is zeta potential, h is viscosity, m is electrophoretic
mobility and 3 is dielectric constant.

As presented in Fig. 3(a) and (b), the correlation between the
particle electrical properties and surfactant concentration was
similar, i.e., the electrophoretic mobility and zeta potential of
TiO2 all rst climbed to a peak and later dropped. As the
concentration of T151, T154, S24000 and S17000 were lower
than 2.00% (w/v), 2.50% (w/v), 2.00% (w/v) and 2.50% (w/v),
respectively, the particle charge increased with the surfactant.
Within this concentration range, the surfactant le in the
medium reached the CMC and partly formed charged RMs by
collisions based on the reverse micelle disproportionation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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theory.14 Specically, neutral micelles exchange charge upon
colliding and transform into oppositely charged micelles. To
conrm this, the charging properties of these four surfactants
in Isopar L were characterized by an applied 0.3 V mm−1 electric
eld. As plotted in Fig. S3(b)–(e),† the current induced by the
surfactants all underwent a sharp increase initially and later
decreased to a plateau. Fig. 3(d) reveals that the peak current of
surfactant dispersions under 0.3 V mm−1 increased with
surfactant concentration. Different from other surfactants, the
peak current of S17000 increased dramatically. As the only ionic
surfactant among these surfactants, this increase was mainly
due to the relatively high ionization of its anchoring groups
compared to other surfactants. Therefore, a greater number of
ion pairs were produced in the medium, which led to a higher
peak current. On the contrary, the plateau current of particle
dispersions decreased with higher surfactant concentrations (in
Fig. 3(e)), which indicates that an increasing number of charges
were bound to the particle surfaces instead of being free in
media leading to a higher particle charge. Hence, with the
increase of S24000, T154, T151 and S17000, the particle charge
can reach −10.88 mV, −36.13 mV, −45.50 mV and −101.13 mV,
respectively.

However, when the additive concentrations of T151, T154,
S24000 and S17000 were higher than 2.00% (w/v), 2.50% (w/v),
2.00% (w/v) and 2.50% (w/v), respectively, the particle charge of
TiO2 dropped slightly. As shown in Fig. 3(d), (e) and S3,† the
peak curve of surfactant dispersions and plateau current of
particle dispersion with different concentrations increased,
which indicates the increasing number of free ions in the
solvents. This may be ascribed to the reason that the number of
RMs on the particle surface reached saturation, and then, the
particles would be shielded by charged RMs, leading to
a decreased particle charge.

Among these four dispersants, TiO2 treated with S17000
attained the highest electrophoretic mobility and zeta potential
of −8.09 × 10−10 m2 V−1 s−1 and −101.13 mV, respectively.
Different from the other three nonionic surfactants with multi-
anchoring groups, S17000 is an ionic surfactant with mono-
anchoring groups composed of a methyl sulfate-quaternary
ammonium salt. As displayed in Fig. S3(d),† the plateau current
of particle-free S17000 dispersion differed a lot with varied
concentrations, which indicates that more charged RMs could
be formed by S17000 to provide the opportunity for TiO2 to
obtain the charges. In addition, the plateau current of the
particle-containing S17000 dispersion was nearly the same
(Fig. S3(i)†). This means more charges preferred to exist on the
TiO2 surface and most of the rest of the charge in the core of
RMs could be shielded by the insulated alkyl chains. Conse-
quently, TiO2 treated by S17000 could be highly charged.

Notably, the particle charge of TiO2 showed a tendency to
change from positive to negative aer being modied with T161,
which is partially contrary to the relative acid–base theory. When
the concentration of T161 was lower than 2.00% (w/v) (in
Fig. 3(c0)), the particle charge increased with the surfactant and
climbed to a positive peak. As shown in Fig. 3(e), the plateau
current of particle dispersion showed an abnormally slightly
increasing trend with the T161 concentration increasing to 2%
© 2024 The Author(s). Published by the Royal Society of Chemistry
(w/v). This indicates the increasing number of free ions in the
media. The surface tension characterization in Fig. 1(f)
announces that T161 has difficulties forming RMs. Hence, when
the concentration of T161 was lower than 2.00% (w/v) (in
Fig. 3(c0)), RMs could not be formed by T161, leading to the
exposure of its polar group, and a highly polar atmosphere could
be created. TiO2 itself carries negative charges and can closely
attract positive charges in the medium through static electricity,
which results in a positive charge in the diffusion layer of TiO2. In
addition, with the increase of T161 concentration, more positive
charges could be attracted by TiO2 leading to a positive peak
charge of +2.26 × 10−10 m2 V−1 s−1 at 2.00% (w/v). When the
concentration of T161 was higher than 2.00% (w/v) (in Fig. 3(c00)),
the charge of TiO2 changed from positive to negative. This was
mainly caused by T161 entangling with charges through a long
solvation chain, which could generate reverse-micelle-like
structures. In this situation, the increasing number of free ions
was shielded by T161 and could not attach to TiO2. Therefore,
TiO2 could gradually expose its own electrical properties. This
could be further proved by the decrease in the plateau current of
the particle-containing dispersion (in Fig. 3(e)), which was
caused by the decreasing number of positive free ions with the
increase of the entanglement layer by T161.
Inuence of surfactants on the dispersion stability of TiO2 in
the medium

It can be seen from Fig. S4(a)–(e)† that the addition of surfac-
tants favors the stability of every dispersion system. TSI is the
tting of backscattering and transmitting light data. The higher
the TSI, the worse the sample stability. For the same surfactant,
TSI was higher at low surfactant concentration than at high
concentration. Onemain reason is that lB of themedium can be
reduced by the surfactant and 3r of the solvent around particles
can also be locally increased. This was benecial to the gener-
ation of particle charge and contributed to the dispersion
stability of TiO2 by electrostatic repulsion. The other reason is
the surfactants' long solvation chains, which could provide
steric hindrance to stabilize the particles. However, when the
concentrations of T161, T151, T154, S17000 and S24000 were
higher than 2.5% (w/v), 2.5% (w/v), 3% (w/v), 2.5% (w/v) and 2%
(w/v), respectively, TSI did not decrease, but slightly increased
with the increase of surfactant, which was consistent with the
slight decrease of the zeta potential aer reaching the peak
value in the same situation. In this situation, the positive effect
of steric hindrance on dispersion stability is less than the
negative effect of electrostatic repulsion reduction caused by
electrostatic shielding, and thus the particle stability decreased.

To compare the ability of surfactants to stabilize particles,
the best dispersion stability brought by ve surfactants was
compared (see in Fig. 4 and S5†). The stability of TiO2 disper-
sion treated with the surfactants was ordered as S24000 < T161 <
T154 < T151 < S17000. This order was completely consistent
with the maximum particle zeta potential induced by each
surfactant, indicating that zeta potential is one of the most
critical factors in determining the particle stability in this
system.
Nanoscale Adv., 2024, 6, 4111–4118 | 4115
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Fig. 4 Values of the BS and T light of TiO2 modified with (a) T161, (b) T151, (c) T154, (d) S17000 and (e) S24000. (f) Change of TSI with the highest
zeta potential.
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Inuence of surfactant structure on the electrophoretic
mobility and dispersion stability of TiO2 in the medium

As mentioned previously, the zeta potential holds a crucial
position in determining the stability of particles in this system.
Therefore, the inuence of surfactant structure on the zeta
potential of TiO2 is discussed comprehensively in the following
part to clarify the impact of surfactant structure on the particle
stability.

It can be seen from Fig. 5(a) that the specic surface area of
the particles was in a decreasing order aer modication with
the same concentration of T161, T154, S24000, T151 and
S17000, i.e., the adsorption amount of surfactants increased in
turn. The absolute value of electrophoretic mobility, dispersion
stability and zeta potential diagram at this concentration are
diagramed in Fig. 5(a). The solvation chains' molecular weights
of T161, T154, S17000 and S24000 are all 2000 Da. The same
concentration of surfactants in the media means that the
solvation chain concentrations of surfactants in the dispersion
are the same, and the difference in the induced particle zeta
potential is mainly determined by the anchoring groups.
Fig. 5 Comparison diagram of electrophoretic mobility, zeta poten-
tial, and TSI (a) with the same concentration of solvation chain and (b)
with the same concentration of anchoring groups for every surfactant.

4116 | Nanoscale Adv., 2024, 6, 4111–4118
While the anchoring group of surfactant interacts with the
surface group of particles, the solvation chain will extend to
form a solvation layer. Because of the high compatibility
between the solvation chain and solvent, this solvation layer will
weaken the force between the surfactant molecules and parti-
cles, causing the desorption of surfactant. Providing that the
weakening effect of solvation chain on a single anchoring group
is simplied as the average distribution of the polymerization
degree to every group, the theoretical zeta potential order
should be S17000 > T161 z T154 > S24000. The actual one was
exactly consistent with this order (see in Fig. 3(b)). Specically
speaking, the particle surface can have the closest electrostatic
interaction with S17000 owing to its ionic anchoring group and
the single-point group. This has little inuence on the average
solvation chain weakening, and therefore, the particle zeta
potential ranked the highest aer modication with S17000. In
addition, S24000 with a multi-point active group benets from
the high coverage data of the specic surface area (see in
Fig. 5(a)) and has the poorest average weakening effect of the
solvation chain. However, compared with the solvation chain,
there are too many anchoring groups on S24000. Hence, though
the coverage ratio of particle surface sites by S24000 is high, the
actual solvation effect still remains low, which leads to the low
effective coverage of particle surface sites. Therefore, the ex-
pected high particle charge cannot be induced by S24000.
Additionally, since T161 and T154 have similar average weak-
ening effects of solvation chains and four-point active groups,
they possess a comparable ability to induce particle zeta
potential and stabilize the particles (in Fig. S6†).

When the amino concentration of surfactants in the
dispersion is the same, the concentration of anchoring groups
in the dispersion is similar, and the difference in induced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram of the device; black/white state diagram of the EPD device display (a0) at the first time and (a00) at the 200th time.
Reflectance and contrast ratio of the EPD device with (b) S17000, (c) T154 and (d) T151. (e) Change of response time of the EPD device containing
2% (w/v) S17000 with time. (f) Change of reflectance of the EPD device containing 2% (w/v) S17000 with display times. (g) Change of reflectance
and contrast ratio of the EPD device containing 2% (w/v) S17000 with time.
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particle zeta potential is mainly caused by the solvation chain.
T151, T161 and T154 belong to the T series and S17000 and
S24000 belong to the S series. The solvation chains of the T
series and S series surfactants are alkane polyisobutylene and
ester polydihydroxystearic acid, respectively, both of which are
highly lipophilic segments. Therefore, similar solvent compat-
ibility could be brought about by them, so all surfactants can be
discussed in the same category. As far as the solvation chain
length is concerned, the chain lengths of T161, S17000 and
S24000 are around 50, 70 and 70 Å, respectively. The chain
length of T151 is about 25 Å, and T154 has bimolecular chains
with a chain length of 25 Å. For a single surfactant, when the
total concentration of anchoring groups in the dispersion was
the same, the increasing number of anchoring groups on
a single surfactant would lead to smaller particle zeta potential
(in Fig. 5(b)), which was caused by the lower average solvent
compatibility provided by solvation chains. Specically
speaking, the specic surface area of S24000 was relatively low
among ve surfactants, while its zeta potential was also low,
which was caused by the multiple anchoring groups and short
effective solvation chain. In contrast, S17000 had the lowest
specic surface area and highest zeta potential among them.
This could be attributed to its single point anchoring group,
which could possess the longest effective solvation chain in this
situation. For T161 and T154, two surfactants have the same
MWs of the average total solvation chain for a single anchoring
group, but the number of their solvation chains was different.
Specically, a higher steric hindrance could be brought about
by the double-segment molecular chains on T154, which is the
reason for the slightly higher zeta potential of the correspond-
ing TiO2 compared to T161 (in Fig. S7†).

In brief, the zeta potential of the particles is closely related to
the effective surfactant coverage of their surface sites. The
coverage rate of the surfactant on the particle surface is the result
of the joint action of the surfactant anchoring group and solvation
chain, which represents its adsorption ability and also determines
its ability to induce particles to be charged and dispersed stably.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Application in EPD

Based on the optimal particle charge and dispersion stability
achieved among ve surfactants, S17000, T151 and T154
emerged as the top three and were subsequently used to fabri-
cate EPD devices. EPD devices with 20 mm2 display areas (see in
Fig. 6(a)) were prepared using TiO2 dispersion treated with the
three surfactants, respectively. The black particles, FeMn, were
also treated with these three surfactants. As depicted in
Fig. 6(b)–(d), the EPD device with 2% (w/v) S17000 driven by an
electric eld of 0.3 V mm−1 achieved white-state and black-state
reectivity of 41.79% and 0.56%, respectively. However, the EPD
devices with the other two surfactants did not exhibit ideal
performances, owing to the fact that they induced similar white
and black-particle negative charges. Hence, other characteriza-
tions were only carried out on the EPD device with 2% (w/v)
S17000. Remarkably, the response time, dened as the switch-
ing time between 90% black-and-white state, reached 166.7 ms
(in Fig. 6(e)). Table S1† summarizes the two-particle EPDs and
their corresponding response speeds reported at present. The
response speed achieved in this work is state-of-the-art,
showing superiority to most other EPD devices. Aer being
driven 200 times, the EPD was still able to retain excellent
display performance without obvious particle agglomeration
(Fig. 6(a0) and (a00)), exhibiting constant reectivity (in Fig. 6(f)).
In addition, the stability of the electrophoretic dispersion was
explored by subjecting them to ultrasound treatment and
further driving them with the same waveform repeatedly for 20
days. Fig. 6(g) reveals that there was no obvious attenuation in
display quality, indicating that the particle dispersion system
was stable and could meet the requirements of long-term
storage of the EPD device.
Conclusions

Herein, a highly charged and stable TiO2 dispersion system in
the apolar medium of Isopar L was obtained with the assistance
Nanoscale Adv., 2024, 6, 4111–4118 | 4117
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of ve basic surfactants. Surfactants possessing different polar
groups and solvation chains can not only be adsorbed on the
surface of the TiO2 particles but also form RMs in apolar media.
Based on the acid–base charging mechanism, the electropho-
retic mobility of TiO2 in Isopar L could be adjusted within the
range of −8.09 × 10−10 to +2.26 × 10−10 m2 V−1 s−1. Typically,
the ionic surfactant S17000 which could form more charged
RMs enabled TiO2 particles to gain the highest particle charge
of −8.09 × 10−10 m2 V−1 s−1. Moreover, the dispersions were
highly stable with almost constant transmitting and backscat-
tering data. The target EPD device achieved a maximal white-
and-black-state reectivity of 41.79%/0.56% and peak contrast
ratio of 74.15. In particular, its response time was remarkably
reduced to 166.7 ms, making it superior to other black-white
EPD devices.
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