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The composite films of methylsiloxane inorganic-organic hybrid and MoS2 particles have
successfully been fabricated by electrophoretic deposition of MoS2 particles in a mixed
solution of methyl ethyl ketone (MEK) and inorganic-organic hybrid sol. The addition of
20 vol% hybrid sol into a MEK suspension increased the amount of MoS2 deposition twice
as much as that of MoS2 deposition in MEK alone. The fraction of particles deposited on a
substrate in MEK-20 vol% sol was estimated to be much larger than that in MEK. The
hydrolyzed methyltriethoxysilane in a hybrid sol modified MoS2 particles, resulting in
lower negative zeta potential, which reduces the repulsion force among particles and
makes the incorporation of particles into a deposition film easier. The surface modification
also enables the incorporation of particles into a deposit by the interaction of surface
modifiers. These factors enhance the incorporation of MoS2 particles in electrophoretic
deposition in MEK-sol. C© 2002 Kluwer Academic Publishers

1. Introduction
Inorganic-organic hybrid materials via a sol-gel pro-
cess have been investigated for their unique features
[1–3]. The hybrid materials not only provide the sum
of the individual contributions from inorganic and
organic components but also have the possibility of
providing remarkable properties that have been un-
known in conventional materials. Interesting applica-
tions of inorganic-organic hybrid materials have been
reported for water-repellent coatings, optical wave-
guides, dielectric films and others [4–6]. Most of the
hybrid materials are based on organofunctional silanes,
which contribute to the siloxane backbone and at the
same time play the role as a carrier of organic func-
tions. The incorporation of various metallic elements
other than Si has been investigated in anticipation of
altering properties of the hybrid materials reflecting the
nature of the elements [7–9].

Numerous functional particles are known such as ze-
olite with selectivity, MoS2 with lubricant property and
AlN with high thermal conductivity. The introduction
of functional particles into inorganic-organic hybrid
materials is expected as one of the means to enlarge the
possibility of the hybrid materials furthermore owing
to the synergistic effect of hybrid materials and parti-
cles [10, 11]. To make full use of the properties derived
from particles, it is important to control the arrange-
ment of particles in hybrid materials. Electrophoretic
deposition process is desirable for arranging particles
with high packing density because a dense and uni-
form ceramic powder deposit can be made rapidly on

a conductive substrate with various shapes [12]. Re-
cently, sol-gel and electrophoretic deposition methods
have been combined to obtain thick films of silica-based
materials [13, 14]. However, there are few papers on
the preparation of composite films of inorganic-organic
hybrid and particles. The method to prepare compos-
ite films so far reported is to carry out electrophoretic
deposition of organically modified ceramic particles,
followed by photopolymerization [15].

In this paper, electrophoretic deposition of particles
has been attempted in a solution containing inorganic-
organic hybrid sol to prepare a composite film of
inorganic-organic hybrid and particles. This technique
consists of electrophoretic deposition of particles and
dip-coating of inorganic-organic hybrid material that
fills the space among the particles when a substrate is
withdrawn from the suspension. Methylsiloxane hybrid
and MoS2 were chosen as a representative hybrid ma-
terial and functional particle, respectively, to prepare a
composite film of inorganic-organic hybrid and parti-
cles. The effect of hybrid sol on electrophoretic depo-
sition of MoS2 particles has also been investigated.

2. Experimental
2.1. Preliminary experiment—choice of

organic solvent
In order to find the appropriate organic solvent to
deposit MoS2 particles, electrophoretic deposition of
MoS2 particles was carried out in organic solvents
of acetone, methyl isobutyl ketone, methyl ethyl
ketone (MEK), ethyl acetoacetate, acetylacetone,
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Figure 1 Amount of MoS2 deposition in various organic solvents.

2-ethoxyethanol, 2-propanol and ethanol, which were
commercially available. MoS2 powder with an average
diameter of 0.4 µm was obtained from Soekawa
Chemical Co., Ltd. The electrophoretic deposition was
performed on stainless steel substrates (SUS304) of
32 × 50 × 0.45 mm using a 80 mesh platinum sheet of
100 × 100 mm as an electrode in a 300 cm3 beaker. The
distance between the substrate and platinum electrode
was 10 mm. A constant DC voltage was applied with
a PAD500-1.2A regulated power supply (Kikusui
Electronics Corp.). The MoS2 particle concentration,
applied voltage and deposition time were 2 mg/cm3,
100 V and 60 sec, respectively.

The MoS2 particles were deposited on a stainless
steel substrate when the substrate was used as an an-
ode regardless of the organic solvents. The films on
substrates were dried at 70◦C for 30 min in air before
weighing. The comparison of the amounts of depo-
sition in various organic solvents is shown in Fig. 1.
The amount of deposition of MoS2 particles in ke-
tones was larger than that in alcohols. MEK gave the
largest amount of deposition and a deposition film with
a smooth surface. Thus, MEK was chosen as an organic
solvent to deposit MoS2 particles electrophoretically.

2.2. Preparation of inorganic-organic hybrid
film containing particles

For the preparation of inorganic-organic hybrid sol, al-
cohol is usually used as a mutual solvent to hydrolyze
alkoxysilanes because alkoxysilanes and water are im-
misible [16]. Alcohols, however, were not effective to
electrophoretic deposition of MoS2. On the other hand,
MEK, which is found to be appropriate to the elec-
trophoretic deposition, is difficult to be used to prepare
an inorganic-organic hybrid sol because of the immis-
ibility of MEK and water.

The procedure for the preparation of inorganic-
organic hybrid film containing particles is shown in
Fig. 2. First, MoS2 particles were dispersed in MEK.
Then, the inorganic-organic hybrid sol prepared in
ethanol was added to the MEK suspension. The hy-
brid sol is miscible with MEK. The molar ratio of
methyltriethoxysilane, acetic acid, water and ethanol
was 1 : 0.5 : 3 : 2. The fraction of hybrid sol to MEK
was 20 vol%. MoS2 particle concentration of the MEK-

Figure 2 Procedure for the synthesis of a composite film of inorganic-
organic hybrid and particles.

sol suspension was 2 mg/cm3. Applied voltage and
deposition time were 0–400 V and 15–60 sec, re-
spectively. Substrates were withdrawn from the MEK-
sol suspension with a speed of 5 mm/sec after elec-
trophoretic deposition. Other experimental conditions
for electrophoretic deposition were the same as those in
the deposition of MoS2 particles in MEK without hy-
brid sol. The amount of deposition was measured after
drying the film at 70◦C for 30 min in air. Heat-treatment
was carried out at 450◦C in nitrogen for 30 min to de-
velop network structure of the methylsiloxane hybrid
film. Both heating and cooling were carried out at a rate
of 10◦C/min.

2.3. Characterization methods
The structure of the hybrid film was characterized
with a Perkin-Elmer System 2000 Fourier transform
infrared (FT-IR) spectrometer. Electric conductivity of
the solvents containing MoS2 particles were measured
with a Model SC82 conductivity meter (Yokogawa
Electric Co.).

For the purpose of investigating the elution of molyb-
denum and sulfur ions, MoS2 particles were dispersed
in MEK and MEK-sol solutions. The particle concen-
trations of the suspensions were 2 mg/cm3. The super-
natant solutions of the suspensions were filtered using
a PTFE syringe filter with a pore diameter of 0.2 µm.
The concentrations of molybdenum and sulfur ions in
the filtered supernatant solutions were measured by in-
ductive coupled plasma (ICP) spectroscopy using an
SPQ9000 (Seiko Instruments Inc.) and an ICAP757
(Nippon Jarrell-ash), respectively.

Zeta potential of MoS2 particles was measured with
an ELS-8000 electrophoretic light scattering spec-
trophotometer (Otsuka Electronics Co., Ltd). To esti-
mate the effect of hybrid sol on zeta potential, MoS2
particles were dispersed into a pure MEK and a
MEK-20 vol% sol to give particle concentrations of
2 mg/cm3. The concentrations of these suspensions
were too high to observe particles by laser scattering.
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Figure 3 SEM micrograph of inorganic-organic hybrid film containing MoS2 particles.

Thus, each suspension was diluted with MEK to about
0.04 mg/cm3 before measurement.

3. Results and discussion
3.1. Composite film of inorganic-organic

hybrid and particles
The composite film of inorganic-organic hybrid and
MoS2 particles has successfully been synthesized on
an anode substrate by using an electrophoretic pro-
cess. The SEM micrograph of the composite film after
heat-treatment at 450◦C is shown in Fig. 3. The thick-
ness of the obtained composite film was uniform. The
MoS2 particles in the composite film were glued to the
substrate by inorganic-organic hybrid materials while
MoS2 particles deposited without hybrid sol peeled off
easily by scrubbing.

Fig. 4 shows an FT-IR spectrum of inorganic-organic
hybrid film without particles which was dip-coated
on a silicon wafer and heat-treated at 450◦C in N2.
The absorption peaks around 1000–1100 cm−1 come
from Si O Si bonds. The absorption peaks around
1270 cm−1 and around 2970 cm−1 are ascribed to
the Si CH3 stretching vibration and the C H stretch-
ing vibration of a methyl group, respectively. The film
contains methyl groups in a siloxane network through
Si CH3 bonds even after the heat-treatment.

To estimate the contribution of electrophoretic de-
position of hydrolyzed alkoxysilanes themselves, elec-
trophoretic deposition was carried out using a mixed
solution of MEK-20 vol% hybrid sol without MoS2
particles. The deposition was performed on a substrate
in two cases, where a substrate was used as a cathode
and as an anode. The applied voltage was 500 V and
deposition time was 30 sec. As a result, the amount
of deposition was approximately 0.04 mg/cm2 in both
cases, which was at the same level as that obtained by
only dip-coating. In a composite film, the mass frac-
tion of hybrid material deposited by electrophoresis is

Figure 4 FT-IR spectrum of inorganic-organic hybrid film after heat-
treatment at 450◦C in N2.

considered to be negligibly small as compared to that
of MoS2 particles.

3.2. Amount of deposition of MoS2 in MEK
and in MEK-sol

The amount of deposition (m) can be expressed as

m = αCvSt (1)

where α is a fraction of particles deposited on a sub-
strate, C is a concentration of particles in the suspen-
sion, v is the velocity of the particle under the influence
of the electric field, S is the deposition area and t is the
deposition time [17]. In the organic solvent, the thick-
ness of the electrical double layer can be assumed to be
so thick as compared to the radius of the particle that
Huckel’s equation can be used to obtain v:

v = 2Eεrε0ζ/3η (2)

where E is the average electric field, εr is the dielectric
constant of dispersion medium, ε0 is the permitivity of
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Figure 5 Relationships between amount of deposition and average elec-
tric field in electrophoretic deposition of MoS2 particles in MEK and
MEK-sol. The deposition time was 60 sec. The average electric field
was obtained by dividing the applied voltage by the distance between
electrodes (10 mm).

vacuum, ζ is the zeta potential of particles in the dis-
persion medium and η is the viscosity of the dispersion
medium [18]. By combining Equations 1 and 2, the
amount of deposition is expressed as

m = (2/3)αCEεrε0ζSt/η (3)

Fig. 5 shows the relationship between the amount of de-
position and average electric field in the electrophoretic
deposition of MoS2 in MEK and MEK-20 vol% hy-
brid sol. The average electric field is given by dividing
an applied voltage by the distance between electrodes.
The deposition time was 60 sec. The amount of de-
position was nearly proportional to the average elec-
tric field in both cases. When no voltage was applied,
only an inorganic-organic hybrid film was dip-coated
on a substrate in the case of MEK-sol whereas noth-
ing was deposited in the case of MEK. When average
electric field was the same, the amount of deposition
in MEK-sol was more than twice as much as that in
MEK. Although the amount of deposition in MEK-sol
includes the weight of hybrid material, the contribution
is only 0.04 mg/cm2 from the results of electrophoretic
deposition of hybrid sol. Thus, it can be said that the
addition of hybrid sol increases the efficiency of the
electrophoretic deposition of MoS2 particles.

Fig. 6 shows the relationship between the amount
of deposition and the deposition time in the
electrophoretic deposition of MoS2 in MEK and

Figure 6 Relationships between amount of deposition and deposition
time in electrophoretic deposition of MoS2 particles in MEK and MEK-
sol. The applied voltage was 125 V.

TABLE I Concentration of molybdenum and sulfur ions in super-
natant solutions of suspensions

Concentration (ppm)

Suspension Mo S

MEK 2.3 2.5
MEK-20 vol%sol 6.5 2.9

MEK-20 vol% hybrid sol. The amount of deposition
was also proportional to the deposition time in both
cases. The linear relationships shown in Figs 5 and 6
suggests that our experimental data can be understood
based on Equation 3.

3.3. Electrification mechanism
of MoS2 particles

Table I summarizes the concentration of molybde-
num and sulfur ions in supernatant solutions of MEK
and MEK-20 vol% sol with particle concentration of
2 mg/cm3. The elution of molybdenum and sulfur ions
in MEK-sol is higher than that in MEK. Hybrid sol
seems to promote the elution of molybdenum and sulfur
ions from MoS2 particles.

Fig. 7 shows the changes of the electric conductiv-
ity of MEK and MEK-20 vol% sol by increasing MoS2
particle concentration. When no particles are contained,
the electric conductivity of MEK-sol is higher than that
of MEK. The inorganic-organic hybrid sol contains ions
derived from ascetic acid and water. Such ions may con-
tribute to the conduction of electricity, leading to the
higher conductivity in MEK-sol. The increase in con-
ductivity in MEK-sol by increasing particle concentra-
tion is higher than the one in MEK. The steeper incli-
nation of the line in MEK-sol results from the higher
elution of molybdenum and sulfur ions in MEK-sol as
shown in Table I.

The zeta potential of the MoS2 particles in MEK
was −52 mV and that of the MoS2 particles in
MEK-20 vol% sol was −14 mV. MoS2 particles are
negatively charged in both MEK and MEK-sol, which
is consistent with the deposition on an anode substrate.
The relatively high negative zeta potential of −52 mV
in MEK is thought to result mainly from absorption of
eluted sulfur anions. In the case of MEK-hybrid sol,
MoS2 particles are involved in complicated adsorption
accompanying various species derived from hybrid sol

Figure 7 Relationship between MoS2 concentration and conductivity.
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as well as elution of molybdenum and sulfur. It is
speculated that the adsorption of hydrolyzed methyl-
triethoxysilane on the surface of MoS2 particles by
hydrogen bonding such as Mo-S· · ·HO-Si reduces the
number of anions, decreasing the zeta potential to ap-
proximately one fourth of that in MEK.

3.4. Effect of hybrid sol on
electrophoretic deposition

Electrophoretic deposition includes two major pro-
cesses, e.g., electrophoresis and deposition of parti-
cles on a substrate, which are expressed by v and α

in Equation 1, respectively. The electrophoresis of par-
ticles depends on the electric field and the nature of the
suspensions as shown in Equation 2. The fraction of
particles deposited on a substrate, α, can be calculated
using Equation 3. In the cases of the electrophoretic
deposition in MEK, α is calculated to be 0.2 and v to
be 1.8 × 10−4 [m/s] using the following experimental
data together with dielectric constant and viscosity of
pure MEK:

m = 0.44 [mg], E = 125 [V/cm],

C = 2 [mg/cm3], εr = 18.5, S = 1 [cm2],

t = 60 [s], ζ = 52 [mV] and η = 0.378 [mPa · s].

On the other hand, α and v in MEK-20 vol% sol are
calculated to be 1.8 and 5.0 × 10−5 [m/s] using the fol-
lowing parameters:

m = 1.07 [mg], E = 125 [V/cm],

C = 2 [mg/cm3], εr = 18.5, S = 1 [cm2],

t = 60 [s], ζ = 14 [mV] and η = 0.378 [mPa · s].

The dielectric constant and viscosity of MEK-20 vol%
sol are assumed to be the same as those of pure MEK,
because the fraction of hybrid sol is only one-fifth. Al-
though there is a large difference in dielectric constant
among water (εr = 80.1), acetic acid (εr = 6.2) and
MEK (εr = 18.5), the concentrations of water and acetic
acid in MEK-20 vol% sol are about 3 and 1.6 wt%,
respectively. Thus, the effects of them on the dielectric
constant are considered to be small. Since it cannot be
true that the parameter α exceeds one, the calculated
value of α for MEK-20 vol% sol seems to be overes-
timated. The errors of E, εr , η and ζ whose exact val-
ues are difficult to obtain as well as the assumption of
Huckel’s equation may result in the overestimation of
α for MEK-20 vol% sol. Although the estimated value
of α includes some errors, we can say at least that α in
MEK-20 vol% sol is much larger than that in MEK. The
difference in α is considered to be responsible for the
larger amount of deposition in MEK-sol because elec-
trophoresis of particles expressed by v cannot explain
the difference in the amount of deposition.

Two reasons are considered for the larger value of
α in MEK-sol than in MEK. One is zeta potential of
MoS2 particles. As the zeta potential of particles be-
comes higher, the particles move faster toward a sub-
strate but the deposition of particles on a substrate is

more suppressed owing to the repulsive force between
particles. Hayashi et al. have reported that the amount
of deposition of CaSiO3 powder with zeta potential of
approximately 15 mV is larger than that of the powder
with zeta potential of more than 30 mV [19]. Thus, the
parameter α in MEK-sol where the zeta potential of the
particles is −14 mV is considered to be higher than that
in MEK in which particles bear high zeta potential of
−52 mV because of the easy agglomeration of particles
on a substrate due to the moderate zeta potential.

Another reason for the larger value of α in MEK-sol
is the effect of surface modifiers of particles. When sol
is included in the suspension, particles are considered to
be partly modified with hydrolyzed methyltriethoxysi-
lane having silanol groups like MoS· · ·HO Si≡.
The deposition of particles modified with hydrolyzed
methyltriethoxysilane results in the deposition film
with many silanol groups. When a particle moving to-
ward a substrate under a given electric field comes in the
vicinity of the uppermost layer of the deposit, the silanol
groups on the surface of the particle can make hydrogen
bonds among silanol groups on the deposition film. As
a result, the particle can be incorporated into the deposi-
tion film by a hydrogen bond. The particles may also be
incorporated into a deposit by the entanglement of sur-
face modifiers derived from methyltriethoxysilane. The
deposition processes by using the interaction of surface
modifiers, which are not included in the electrophoretic
deposition in MEK, are considered to increase the frac-
tion of particles that can be deposited on a substrate.

The amount of deposition is proportional to E and t
in a MEK-sol as shown in Figs 5 and 6, suggesting that
the amount of deposition by the interaction of surface
modifiers is also proportional to E and t . The number
of particles suspending near a substrate increases pro-
portionally with the electric field. This may enhance the
chance of interaction among surface modifiers to incor-
porate particles into the film, resulting in a relationship
shown in Fig. 5. The linear relationship in Fig. 6 sug-
gests that the ratio of particles incorporated into a film
by the interaction of surface modifiers is almost con-
stant during the electrophoretic deposition.

The addition of 20 vol% hybrid sol is found to dou-
ble the amount of deposition of MoS2 particles owing to
the much higher α as compared to the one in MEK. The
difference in zeta potential of MoS2 particles and the
interaction of surface modifiers increase the fraction
of particles deposited on a substrate in a MEK-sol
suspension.

4. Conclusions
A new technique to fabricate a composite film of
inorganic-organic hybrid and particles by electrophore-
tic deposition has been demonstrated. Electrophoretic
deposition of MoS2 particles were carried out in both
MEK and MEK-20 vol% hybrid sol suspensions. Elec-
trophoretic deposition in MEK-20 vol% hybrid sol
yields a composite film in which particles are fixed by
inorganic-organic hybrid material.

The amount of deposition was proportional to the av-
erage electric filed and deposition time in both MEK
and MEK-sol. The amount of deposition of MoS2 in
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MEK-sol was more than twice as much as that in MEK.
The fraction of particles deposited on a substrate in
MEK-20 vol% sol was found to be much larger than
that in MEK. The hydrolyzed methyltriethoxysilane
in hybrid sol modified MoS2 particles. As a result of
surface modification, the particles in MEK-sol have
smaller negative zeta potential than that in MEK, which
makes agglomeration of particles on a substrate easier.
The surface modification also enables the incorporation
of particles into a deposition film by hydrogen bond-
ing and entanglement of surface modifiers. The lower
zeta potential and the interaction of surface modifiers
enhance the incorporation of particles into a deposit.

Acknowledgments
This work has been supported by NEDO, as part of the
Synergy Ceramic Project promoted by METI, Japan.
N. Y., Y. K. and S. K. are members of the Joint Research
Consortium of Synergy Ceramics.

References
1. G . P H I L I P P and H. S C H M I D T , J. Non-Cryst. Solids 63 (1984)

283.
2. H . S C H M I D T , ibid. 73 (1985) 681.
3. G . L . W I L K E S , B . O R L E R and H. H U A N G , Polym. Prep. 26

(1985) 300.
4. K . I Z U M I , H . T A N A K A , M. M U R A K A M I , T . D E G U C H I ,

A . M O R I T A , N . T O H G E and T . M I N A M I , J. Non-Cryst.
Solids 121 (1990) 347.

5. Y . S O R E K , R . R E I S F E L D , I . F I N K E L S T E I N and
S . R U S C H I N , Appl. Phys. Lett. 63 (1993) 3256.

6. N . P . H A C K E R , MRS Bulletin 22(10) (1997) 33.
7. S . K A T A Y A M A , I . Y O S H I N A G A and N. Y A M A D A , Mat.

Res. Soc. Symp. Proc. 435 (1996) 321.
8. N . Y A M A D A , I . Y O S H I N A G A and S . K A T A Y A M A ,

J. Mater. Chem. 7 (1997) 1491.
9. Idem., J. Mater. Res. 14(5) (1999) 1720.

10. H . K . S C H M I D T , P . W. O L I V E I R A and H. K R U G , Mat.
Res. Soc. Symp. Proc. 435 (1996) 13.

11. H . K . S C H M I D T , J. Sol-Gel Sci. Technol. 8 (1997) 557.
12. P . S A R K A R and P . S . N I C H O L S O N , J. Amer. Ceram. Soc. 79

(1996) 1987.
13. K . K I S H I D A , M. T A T S U M I S A G O and T. M I N A M I ,

J. Ceram. Soc. Jpn. 102(4) (1994) 336.
14. K . H A S E G A W A , K. K A T A G I R I , A . M A T S U D A ,

M. T A T S U M I S A G O and T. M I N A M I , The Korean Journal of
Ceramics 61(1) (2000) 15.

15. H . K . S C H M I D T , M. M E N N I G , R . N O N N I N G E R , P . W.
O L I V E I R A and H. S C H I R R A , Mat. Res. Soc. Symp. Proc. 576
(1999) 395.

16. C . J . B R I N K E R and G. W. S C H E R E R , in “Sol-Gel Sci-
ence: The Physics and Chemistry of Sol-Gel Processing” (Academic
Press, CA, 1990) p. 108.

17. H . C . H A M A K E R , Trans. Farady. Soc. 36 (1940) 279.
18. Y . T A K A Y A M A , N. K O U R A , Y. I D E M O T O ,

H. Y A N A G I S H I T A , T . N A K A N E , M. K A W A M U R A

and N. T A N A B E , J. Ceram. Soc. Jpn. 107(5) (1999) 437.
19. S . H A Y A S H I , Z . N A K A G A W A , A. Y A S U M O R I and

K. O K A D A , J. Europ. Ceram. Soc. 19 (1999) 75.

Received 2 February
and accepted 2 October 2001

2076


