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bstract

he stability of nano-sized BaTiO3 nonaqueous suspension with different phosphate ester surfactants was investigated. Among the three phosphate
sters (mono-alkyl, di-alkyl and ethoxy types), the 2-ethoxy ethyl dihydrogen (1EO-) phosphate esters show not only better coverage over the
ano-BaTiO powders, but also superior dispersion for the suspension. Contrary to the conventional 200 nm-BaTiO suspensions, which need
3 3

onger carbon-chain phosphate esters surfactant for dispersing the BaTiO3 powders, the 50 nm-BaTiO3 suspensions require shorter carbon-chain
hosphate esters surfactant for dispersing them. Multilayer ceramic capacitors (MLCC) made of 50 nm-BaTiO3 suspensions contain ultra-thin
eramic layer (2.6–2.8 �m), which shows the larger capacitance and superior breakdown voltage than those made of 200 nm-BaTiO3 powders.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Barium titanate (BaTiO3) perovskite oxides are widely used
or manufacturing multilayer ceramic capacitors (MLCCs)1,2

ue to their marvelous dielectric properties. With the trend for
ncreasing the volumetric efficiency of MLCCs, the thickness
f the ceramic capacitor layer needs to be reduced (<5 �m
n thickness), which call for the utilization of the nano-sized
aTiO3 powders3 as starting materials. The dispersion behavior
f nano-sized BaTiO3 powders in a solvent is totally differ-
nt from that of the conventional slurry made of submicron
aTiO3 powders (∼200 nm). The dispersion of the nano-sized
aTiO3 powders in a solvent is a challenging problem needs

o be addressed for preparing the stabilized suspension used
n ultra-thin ceramic tape fabrication process.4–11 On the other
and, phosphate ester is a commonly used dispersant for var-
ous ceramic tape,12–16 especially for BaTiO3 materials.17–19
he phosphate esters contain hydroxy group, which are ionized
o form negatively charged oxygen18,20 and react with ceramic
owders electrostatically in the solvent. However, the chemical

∗ Corresponding author.
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ariety of phosphate esters influences the dispersion behavior of
he slurry in a complicated manner.

In this study, phosphate esters with different molecular
tructure, including mono-alkyl group, di-alkyl group and
ono-ethoxy group, were synthesized. They were utilized

s surfactants for dispersing the ultra-fine BaTiO3 powders
50 nm). The influence of molecular structure of phosphate
sters on the dispersion characteristics of the nano-sized BaTiO3
uspension is systematically studied. The benefit of using nano-
ized BaTiO3 powders for fabricating the multilayer ceramic
apacitors was illustrated.

. Experimental

.1. Powder and chemicals

High purity ultra-fine BaTiO3 powders prepared by
ydrothermal process were used as starting materials (HPB-
000 (50 nm) and HPB-1200 (200 nm), TPL Inc., USA). The
ano-sized BaTiO3 powders were dried at 120 ◦C for 6 h to

emove the moisture adsorbed on the powders. The phosphate
sters were dissolved in 1-methoxy-2-propanol (>99%, Fluka,
witzerland) to serve as surfactant. The solvents were boiled
ith the desiccating agent before mixing with powders to avoid

mailto:g873120@yahoo.com.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.10.015


1206 L.W. Chu et al. / Journal of the European Ceramic Society 28 (2008) 1205–1212

w
p
B
t
(

2

a
F
p
a

)

l
o
c
d
h
A
F
a
i
w
h

w

F
(

a
b
S
(
i
l
w
p
(
4
a

2
M

t

Fig. 1. Chemical structure of various synthesized phosphate esters.

ater contamination in the preparation of suspension. The
hosphate esters (∼5 wt% w.r.t. BaTiO3 powders) and the nano-
aTiO3 powders were added in the solvent sequentially with

horough mixing to form the suspensions with high solid content
∼40 wt%).

.2. Synthesis of phosphate esters

Three types of anionic phosphate esters: mono-alkyl, di-
lkyl, and ethoxy phosphates, with the structure shown in
ig. 1, were prepared. Mono-alkyl and ethoxy phosphates were
repared by stirring the chosen alcohols with pyrophosphoric
cid.21,22 These reactions proceeded as follows:

(1)

(2

The pyrophosphoric acid (>99%, Riedal-deHaën, Switzer-
and) was mixed with the corresponding alcohols in molar ratio
f 1:1.05 for syntheses of mono-alkyl phosphate esters. The
orresponding alcohols were ethanol (reagent grade, Riedal-
eHaën, Switzerland), 1-propanol (>99.8%, Tedia, America),
exanol (Perified, J. T. Baker, America), nonanol (>98%, Fisher,
merica) and dodecanol (>98%, Acros, Belgium), respectively.
or synthesizing the ethyl-type phosphate esters, the utilized
lcohols were 2-(2-ethoxyethoxy) ethanol (99%, Tedia, Amer-
ca) and 2-ethoxy ethanol (99%, Tedia, America). The deionized

ater was added into the reactant in proper ratio to initiate
ydrolysis.

In contrast, the higher activity reagent PCl3 was replaced
ith POCl3 and the corresponding alcohol to form the di-n-

m
B
o
d

ig. 2. (a) 1H NMR spectra and (b) FTIR spectra of synthesized phosphate ester
i.e., hexyl dihydrogen phosphate).

lkyl phosphates.22 The di-alkyl phosphate esters were prepared
y stirring phosphorus trichloride (>99.8%, Riedal-deHaën,
witzerland) with the corresponding alcohol and pyridine
99.9%, Tedia, America) in the molar ratio of 1:2.1:2.1 for 1 h
n sufficient tetrahydrofuran (THF) (>99%, Tedia, USA), fol-
owed by reaction with I2 solution. Finally, the de-ionized water
as added to initiate the hydrolysis. The structures of prepared
hosphate esters were confirmed by 1H NMR spectrometer
UNITYINOVA 500, Varian, USA) and FTIR analysis (FTS-
0, Bio-Rad, UK). The typical spectra were shown in Fig. 2(a)
nd (b).

.3. Preparation and characterization of suspensions and
LCC

Although ethanol works as solvent very well for preparing
he BaTiO3 slurry in tape-casting process18,19 for conventional
icron-sized BaTiO3 powders, it is inadequate for nano-sized
aTiO3 powders. Table 1 compares the important parameters
f ethanol and 1-methoxy-2-propanol, including boiling point,
ielectric constant and viscosity, and characteristics of the solid
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Table 1
The characteristics of solid suspensions without the dispersants addition

Solvents Solvent properties Suspension properties

Boiling point (◦C) Dielectric constant Viscosity (cp) Zeta (mV) Sediment (min) Particle size (nm)a

E 1.0
1 2.4
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After the preparation of high solid content suspension
(40 wt% 50 nm-BaTiO3) with 2-ethoxy ethyl (1EO-) phosphate
(5 wt% w.r.t. BaTiO3 powders) in 1-methoxy-2-propanol, the
organic additives (polyvinyl butyral (PVB, Butvar, USA) and
thanol 78 24.0
-Methoxy-2-propanol 120 –

a The average particle size distribution of 2.5 wt% solid suspension was store

uspensions with 2.5 wt% BaTiO3 by dispersing in both the
olvents, respectively.

Table 1 indicates that the sedimentation time of the 1-
ethoxy-2-propanol based suspension is more than 60 min,
hich is markedly superior to the ethanol based one with
5 min sedimentation time. It should be noted that the sedi-
entation time is designated as the time when the powders

ettled to a height of 2 cm in the sealed glass tube. The aver-
ge size of agglomerates for the 1-methoxy-2-propanol based
uspension is 138 nm, which is smaller than the ethanol based
ne (420 nm). Without any surfactant addition, the nano-sized
aTiO3 is dispersed better in 1-methoxy-2-propanol than that in
thanol. Therefore, we can conclude that 1-methoxy-2-propanol
o replace ethanol as solvent in this study.

The SEM micrographs show in Fig. 3(a) and (b) for ethanol
nd 1-methoxy-2-propanol based suspensions, respectively. The
bove figures clearly illustrate that the nano-sized BaTiO3 pow-
ers is well dispersed in 1-methoxy-2-propanol suspension,
ut agglomeration is observed in ethanol suspension. The zeta
otential of BaTiO3 in ethanol (4.92 mV) is larger than that of
aTiO3 in 1-methoxy-2-proponal (1.94 mV), whereas the vis-
osity of 1-methoxy-2-proponal based suspension (η = 2.4 cp) is
arger than that of the ethanol based suspension (η = 1.0 cp). The
iscosity of solvent seems to influence the dispersion behavior
f the nano-sized BaTiO3 suspensions more profoundly than
eta potential.

The suspensions were prepared by mixing BaTiO3 powder
2.5–40 wt%) with 1-methoxy-2-propanol solvents, which con-
ain various amounts of phosphate esters. The slurries were
e-agglomerated by using a high efficiency centrifugal mixer
Tai-Yiaeh Inc., Taiwan) for 1 h. The particle size of the powders
n suspension were measured by using dynamic light scatter-
ng apparatus (DLS) (Zetasizer 1000HSA, Malvern, UK) for
ow solid-content suspension, and using acoustic type particle
izer (Ascoutosizer II, Colloidal dynamics, USA) for 40 wt%
olid-content suspension. The zeta potential of BaTiO3 in the
uspension was measured by using an electro-acoustics type zeta
otential analyzer (Zeta-probe, Colloidal dynamic, USA). The
heological behavior of suspension was measured by a viscome-
er (LVDV-I+, Brookfield, USA) with LV-3 spindle at 50 rpm
otation rate.

To examine the adsorption behavior of phosphate esters onto
he nano-BaTiO3 powders, the stabilized suspension was cen-
rifuged (3000 rpm for 10 min) to separate the powders from

he suspension. The powders were slowly dried at room tem-
erature. The adsorbed phosphate esters on the powders were
nalyzed by using diffuse reflectance infrared Fourier transform
pectroscopy (DRIFTS) (DA83, Bomem, Canada). Meanwhile,

F
b
a

0 4.92 45 420
1.94 >60 138

ically for 30 min and analyzed by dynamic light scattering.

he residual concentration of phosphate esters in the solvent
as analyzed by the induced coupled plasma analyzer (ICP)

Vista-mpx, Varian, USA). The droplets of BaTiO3 suspension
n silicon substrate were dried in an oven and the morphol-
gy of BaTiO3 agglomerates were examined by using scanning
lectron microscopy (6700F, JEOL, Japan).
ig. 3. SEM micrographs of the (a) ethanol and (b) 1-methoxy-2-propanol
ased suspensions with pH ∼ 7, which were dried slowly from the droplets on
substrate.
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i-octyl phthalate (DOP, Fluka, Switzerland)) were added to
he BaTiO3 suspension in the weight ratio of 9:2:1 (suspen-
ion/PVB/DOP) to adjust the viscosity of the slurry followed
y ball-mixing for 10 h. The slurry was used to produce the
ltra-thin ceramic foil (2.6–2.8 �m) via a tape-casting machine
Hirano, Japan) and followed by standard multilayer ceramic
rocess to fabricate the MLCC devices. The breakdown voltage
nd capacitance of the MLCC device were analyzed by electric
oltage tester (9052, Chen-Hwa, Taiwan) and capacitance meter
HP, 4278A, USA), respectively.

. Results and discussion

.1. Adsorption behavior of phosphate esters

The phosphate esters developed negative charges when dis-
olved in the solvent, and are readily attached to the BaTiO3
owders. The zeta potential of BaTiO3 powders is reduced due
o the adsorption of the surfactant, designated as “differential
eta”, is a good estimation for the coverage of particles by
he phosphate esters. The “differential zeta” of 10 wt% BaTiO3
uspensions in 1-methoxy-2-propanol, which contain 2 wt%
hosphate esters (w.r.t. BaTiO3 powders), is illustrated in Fig. 4.
he “differential zeta” decreases with the increasing carbon
hain length (nC-) of phosphate esters. Mono-alkyl type phos-
hate esters show larger “differential zeta” than di-alkyl type
nes, implying that the proportion of adsorption for mono-alkyl
ype phosphate esters is larger than that of di-alkyl type phos-
hate esters.

The BaTiO3 powders obtained by centrifugation of sus-
ension and were analyzed by DRIFTS to investigate the
overage of the phosphate esters. Typical DRIFRS pattern is
hown in Fig. 5(a). Five absorption peaks are observed at:

40 cm−1 (Ba–Ti–O), 1150 cm−1 (C–O), 1450 cm−1 (CH2,
H3), 1300 cm−1 (P O) and 1700 cm−1 (HO–P O). The
O–P O peak at 1700 cm−1 indicates the adsorption of
ono/di-alkyl type phosphate esters on the BaTiO3. Further-

ig. 4. Variation of differential zata, the decrease in zeta potential of BaTiO3

s the phosphate ester was adsorbed onto the BaTiO3 particles dispersing in
-methoxy-2-propanol, with the number of carbons in the phosphate esters.

Fig. 5. (a) The diffuse reflectance FTIR spectra of the selected phosphate ester
c
c
p
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a
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t
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t
m
d
m
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d

oated BaTiO3 particles; (b) The Langmiur monolayer adsorption analysis for
alculating the adsorption concentration of phosphate ester (Cm) onto BaTiO3

articles in ethanol determined by ICP.

ore, the residual phosphorus in the solvent was quantitatively
nalyzed by induction couple plasma (ICP) technique after the
aTiO3 (BT) powders were centrifugally separated from stabi-

ized suspension. The amount of phosphate ester adsorbed on
aTiO3 powders (As) was estimated as the difference between

he phosphate ester contained in the solvent and the amount of
hosphate ester added (Ce). The Ce/As was then plotted against
e, which leads to monolayer absorption of phosphate ester Cm:

Ce

As
= Ce

Cm
+ k

Cm
(3)

Typical plot is shown in Fig. 5(b), which fit to a straight line
nd the slope represents the reciprocal of monolayer adsorp-
ion of phosphate ester (1/Cm) according to the Langmuir
onolayer adsorption analysis.23 The Cm of phosphate ester
ecreases from mono-propyl ((Cm)3C- = 17.85 mg/gm BT) to
ono-hexyl ((Cm)6C- = 16.39 mg/gm BT), implying that the

ncrease in the alkyl length of phosphate ester leads to the
ecrease in proportion of adsorption. The smaller Cm-values
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Table 2
Sedimentation time (min) of BaTiO3 suspensions with different particle size of BaTiO3 and phosphate esters

Non-addition Surfactants of phosphate esters

Zeta (mV) Sediment (min) Alkyl Di-alkyl Ethoxy

3C- 6C- 9C- Di-3C- Di-6C- Di-9C- EO- 2EO-

B 5
B 5
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t
the sedimentation time for the suspension containing 40 wt%
BaTiO3 powders (50 nm or 200 nm) in 1-methoxy-2-propanol,
with 0–5 wt% surfactant (w.r.t. powders). It is expected that the
200 nm-BaTiO3 suspension sediments more rapidly than the
aTiO3 (50 nm) 4.05 45 60 5
aTiO3 (200 nm) 3.02 25 30 4

: the slurry status of the powder suspension.

f di-alkyl type phosphate esters ((Cm)Di-3C- = 15.15 mg/gm BT
nd (Cm)Di-6C- = 13.19 mg/gm BT) show that di-alkyl type phos-
hate esters (Di-3C- and Di-6C-) have lower adsorption than the
ono-alkyl type phosphate esters (3C- and 6C-). The ethoxy

ype phosphate esters show the same degree of adsorption as
ono-alkyl type phosphate esters (i.e., (Cm)1EO- = 16.66 mg/gm
T). These results are in accord with the qualitative analysis in
differential zeta”.

.2. Suspension characteristics

A high solid content of BaTiO3 suspension (50 nm, 40 wt%)
ontaining phosphate esters (5 wt% w.r.t. powders) in 1-
ethoxy-2-propanol was prepared. The sedimentation time of
aTiO3 suspension is smaller than 45 min when no surfactant
as added. Table 2 (first row) shows that the dispersion of

uspensions improves markedly due to the addition of mono-
lkyl phosphate surfactants with carbon-chain smaller than
exyl (6C-). As the longer carbon-chain type of mono-alkyl
hosphate esters (9C- and 12C-) added, the sedimentation
ime reduced instead. Therefore, the excess length of alkyl
hain in phosphate esters can hinder the adsorption of sur-
actants onto the nano-sized BaTiO3 powders, which degrades
he dispersion behavior of the suspension. Similar phenomenon
as also observed when the di-alkyl phosphate surfactants
ere used. It is interesting that the di-alkyl type phosphate

sters exhibit better sedimentation behavior for the suspen-
ion, although it does not cover the BaTiO3 powders as well
s the mono-alkyl type one. We have observed that the 2-
thoxy ethyl (1EO-) phosphate ester contains carbon-chain
arger than the mono-propyl (3C-) phosphate ester and enhances
he dispersion behavior much better than the mono-alkyl
ype (3C-) phosphate ester. The beneficial effect of phos-
hate ester addition on dispersing nano-BaTiO3 powders in
-methoxy-2-propanol suspension is demonstrated in Fig. 6(a)
nd (b).

Fig. 7(a) shows the variation of viscosity of the suspensions
ith the powder content, containing three kinds of phosphate

sters (3C, Di-3C and 1EO-) in 1-methoxy-2-propanol. The vis-
osity of the suspension increases with the powder content. For
he suspension containing 40 wt% BaTiO3 powders, the viscos-
ty of suspension in 1-methoxy-2-propanol rapidly increases
ue to the occurrence of agglomerates. The ethoxy type sur-

actant is more effective in maintaining the suspension at low
iscosity. On the other hand, it is known that the sedimentation
ill obviously occur when the particle size of agglomera-

ion increases larger than 1 �m, which should be prevented.

F
s
a

30 90 60 S 110 85
45 40 50 55 45 70

ig. 7(b) shows that the 1EO-type phosphate ester exhibits the
est dispersion ability for anti-agglomeration. The particle size
easurements of such a high solid-content suspension (40 wt%)

an only be directly analyzed by using an acoustic-type particle
izer.

.3. Effect of particle size

The effect of particle size of BaTiO3 powders on charac-
eristics of suspensions was investigated. Table 2 compares
ig. 6. SEM observation of dispersion effect on the BaTiO3 powders with high
olid content (40 wt%) due to 2-ethoxy ethyl dihydrogen (1EO-) phosphate
ddition in 1-methoxy-2-propanol: (a) non-addition and (b) added 5 wt%.
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Fig. 7. The rheological behaviors of suspensions: (a) the viscosity of suspensions
with different powder content by using three kinds of phosphate esters (3C,
Di-3C and 1EO-) in 1-methoxy-2-propanol; (b) the variation of particle size
measurements of high solid-content suspensions (40 wt%).

Fig. 8. Variation of sedimentation time for the smaller-sized BaTiO3 suspension
(50 nm, solid curves) and the larger-sized BaTiO3 suspension (200 nm, dotted
curves), which were added with various amount of surfactants.
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eramic Society 28 (2008) 1205–1212

0 nm-BaTiO3 one when no surfactant was added. This table
ndicates the increasing sedimentation time after the phosphate
sters addition. Moreover, the 200 nm-BaTiO3 containing sus-
ension favors the long carbon-chain phosphate esters, the 50 nm
aTiO3 disperses better in the suspension when the shorter
arbon-chain phosphate esters (3C-, Di-3C- or EO-) were used
s surfactants.

The variation of sedimentation time with the surfactant con-
ent is shown in Fig. 8. From this figure, the optimal addition of
urfactant can be obtained according to the plateau of sedimenta-
ion. The 200 nm-BaTiO3 particles (dotted curves) need smaller
mount of phosphate ester (2–3 wt%) to reach the ultimate dis-
ersion. The probable explanation is that the specific surface area
f 200 nm BaTiO3 powders (5–8 m2/g) is smaller than that of the
0 nm BaTiO3 powders (15–18 m2/g) and the zeta potential of
00 nm-BaTiO3 powders in 1-methoxy-2-propanol (3.12 mV) is
lso smaller than that of the 50 nm-BaTiO3 powders (4.05 mV).
he ethoxy type phosphate ester results in longest sedimentation
ime among these three surfactants, that is, this phosphate ester
hows most prominent improvement on dispersing the BaTiO3
articles.

ig. 9. The SEM micrograph of (a) surface of ultra-thin ceramic tape, which was
repared by tape-casting process using nano-BaTiO3 (40 wt%) slurry added 2-
thoxy ethyl dihydrogen (1EO-) phosphate (5.0 wt% to BaTiO3) in 1-methoxy-
-propanol; (b) cross-section of green MLCC device.
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Table 3
The characteristics of the MLCC made of 50 nm-BaTiO3 and 200 nm-BaTiO3 powder slurry

Powder Sintering Stacking layers Layer thickness Grain size Capacitance Breakdown voltage

BT (200 nm) 1300 ◦C/2 h 10 2.2 �m 1.5 �m 102.1 ± 3 nF 94 ± 3 V
B
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t
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t

T (50 nm) 1300 ◦C/2 h 10 2.4 �m

.4. Multilayer ceramic capacitor based on nano-sized
aTiO3 powders

The multilayer ceramic capacitors were then fabricated. The
table suspension was first prepared, using the 50 nm-BaTiO3
40 wt%) and 2-ethoxy ethyl dihydrogen (1EO-) phosphate
sters (5 wt% w.r.t. BaTiO3) in 1-methoxy-2-propanol. The
rganic additives, PVB & DOP, were added to adjust the viscos-
ty of slurry to a suitable level (∼250 cp) for tape casting. Typical
urface of green ceramic foil and cross-sectional morphologies
f the green MLCC devices are shown in Fig. 9(a) and (b),

espectively. It should be noted that the BaTiO3 powders were
ensely packed while the porous status in unsintered samples
shown as Fig. 9(b)) was caused by the loss of powders during

ig. 10. SEM micrograph of sintered MLCC made of (a) 50 nm BaTiO3 and (b)
00 nm BaTiO3, where these slurries contain 40 wt% BaTiO3 and appropriate
urfactant in 1-methoxy-2-propanol.
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0.6 �m 116.9 ± 4 nF 108 ± 5 V

olishing of the sample preparation. The supporting evidence of
bove mention is owing to Fig. 10(a), which illustrates the dense
icrostructure of the 1300 ◦C/2 h-sintered MLCC devices.
After sintering, the 50-nm BaTiO3 made MLCC devices

ontain layers about 2.4 �m in thickness. The BaTiO3 grains
re about 0.6 �m in size and are distributed very uniform
Fig. 10(a)). In contrast, SEM micrograph in Fig. 10(b)
ndicates that, for the MLCC made of 200 nm-BaTiO3, the
hickness of the BaTiO3 layer is around 2.2 �m with much
arger grains (∼1.5 �m). Table 3 reveals that the capaci-
ance value of 50 nm-BaTiO3 based MLCC devices (116.9 nF)
s markedly larger than the 200 nm-BaTiO3 based ones
102.1 nF). Furthermore, the breakdown characteristic of the

LCC devices based on 50 nm-BaTiO3 powders (breakdown
oltage, VBD = 108 V) is superior to the ones based on 200 nm-
aTiO3 powders (VBD = 94 V). Apparently, the beneficial effect

esulted from the utilization of nano-sized BaTiO3 powders
ue to the smaller grain size of the correspondingly sintered
evice.

. Conclusions

The factors affecting the dispersion of the nano-sized BaTiO3
owders in non-aqueous media with different kinds of phos-
hate esters were investigated. The viscosity of solvent is the
ajor factor that influences the dispersion behavior for suspen-

ion. Therefore, we utilized 1-methoxy-2-propanol to replace
thanol as solvent in this study. With the addition of phosphate
sters, the sedimentation time was markedly increased. Among
he phosphate esters studied, the 2-ethoxy ethyl dihydrogen
1EO-) phosphate esters showed the best dispersion behavior,
hich results in the longer sedimentation time for the 50 nm-
aTiO3 containing suspension. Multilayer ceramic capacitors
ere fabricated by using a thin ceramic layer (2.6–2.8 �m) made
f the nano-sized BaTiO3 containing suspension. The 50-nm
aTiO3-based MLCC devices possess the larger capacitance
nd superior breakdown voltage than 200-nm BaTiO3 based
nes, which is attributed to the small grains contained in this
evice.
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