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Controlling submicron-particle template morphology:
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Abstract

Porous solids were obtained from self-assembled deposits of silica particles used as templates to form 3-D porous membranes
of the solvent chemistry on the morphology of the deposits was investigated. The parameters of interest are surface tension and io
of the solvent, as they impact electrostatic and capillary interactions. Deposits of particles of different sizes were obtained from
of conditions. The deposits were imaged by SEM and showed distinctive structures for each of the solvent chemistries. The phen
qualitatively consistent with DLVO theory and calculations of capillary interaction energy as developed by Kralchevsky and co-wor
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

There is general consensus that the utility of a porous
terial depends on the internal pore diameter, the pore
distribution, and the morphology[1]. Traditional methods
for the fabrication of porous materials such as stretch
track-etching, or phase inversion can produce membr
with one-dimensional channel structures and have relat
little control over the pore size distribution[2]. The unavail-
ability of methods for producing materials with uniform su
micrometer pores[3] and, more specifically, a gap in prep
ration methods of porous materials in the 10–100 nm ra
[4] have been recognized.

Porous solids can be created from colloidal crystal t
plates, or more generally, from deposits of particles on s
strates. The voids in the deposits can be filled with a p
meric or inorganic material, and upon removal of the pa
cles a porous material with a three-dimensional structu
formed.

Current fabrication methods lack the ability to precis
control the pore size and pore morphology and are restr
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to specific materials. The template-derived process prov
the means to fabricate three-dimensional porous membr
that have well-defined and well-controlled pore sizes, c
pletely interconnected pores and highly ordered structu
The morphology of the pore structure may be tailored
the nanoscale. Recent interest in the template-derived po
materials arises in part from the variety of materials, p
sizes and pore structures potentially accessible through
procedure. The method has been described as powerfu
expensive and controllable, holding promise for the form
tion of advanced new materials[5].

The deposition of colloidal particles may occur by d
ferent mechanisms: gravity sedimentation from dispersi
filtration, centrifugal sedimentation, sedimentation in ca
laries, colloidal solutions spun coated onto surfaces, or
illary forces. The problems in gravity sedimentation are t
it gives rise to polycrystalline domains of unknown sizes,
formation of crystals occurs only at specific volume fractio
of the colloids, and the growth and thickness are diffic
to adjust and control. Several researchers have reporte
preparation of porous materials by filtration of a particle s
pension in a packing cell[2–4]. The method resulted in re
gions of order separated by grain boundaries[4]. In the case
of ceramics, the membranes were too fragile to withst
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pressure during filtration[2]. The self-assembly techniqu
by capillary forces provides precise control of the thickn
of the film through sphere size and concentration in s
tion [6].

Previous work has shown that particle size, particle c
centration, meniscus height, solvent evaporation rate,
shape of liquid surface have an important effect on collo
crystal growth. Particle size and concentration, and me
cus height are related to the final multilayer thickness w
grown in a stationary substrate; evaporation rate has s
effect on the film uniformity but not on the thickness[6].

The morphology of particle deposits appears to be a fu
tion of the depositional trajectory, particle surface che
istry, and the history of deposit reorganization[7]. The role
of depositional trajectory has been demonstrated in ea
work [8]. Kim and Rajagopolan (1991) presented simu
tion results on the effect of particle surface chemistry
deposit morphology. In this paper, we investigate the ef
of the surface tension and ionic strength of the solven
the morphology of the particle deposits, as a tool to ob
the desired pore structures in fabricating membrane tem
from particles.

2. Theory

Denkov et al.[9] proposed that an attractive capilla
force was the driving force for the mechanism of colloid
crystal formation on a horizontal substrate. This force is
rectly proportional to the surface tension of the suspens
as well as to other parameters such as the difference in
sities between liquid and gas, distance between particles
meniscus slope angle. In a later work, Dimitrov et al.[10]
proposed a relationship between the rate of colloidal cry
growth on a vertical substrate, its withdrawal rate from
suspension, and the number of layers formed. Jiang et a[6]
modified this equation for the case of a stationary subs
and expressed the layers of particles formed as a functio
the particle diameter, particle concentration, and menis
height by

(1)NL = βLϕ

0.605d(1− ϕ)
,

whereNL is the final number of layers,β is a coefficient
that depends on particle–particle and particle–substrat
teractions and varies from 0 to 1 (for dilute suspension
nonadsorbing particles it can be taken as 1),ϕ is the parti-
cle volume fraction,d is the particle diameter, andL is the
meniscus height.

The energy of interaction and the resulting forces
tween the particles are theorized to produce deposits
different morphologies. The principles of particle intera
tions through electrostatic and capillary forces are bri
reviewed as a basis for interpreting experimental results
-

2.1. DLVO forces

DLVO theory describes the potential energy of parti
interaction as a function of interparticle distance due to e
trostatic and van der Waals forces[11].

The repulsion potential is given by

(2)ΦR = 64πRn0kT γ 2
0

κ
exp(−κs),

whereR is the radius of the particle,n0 the bulk ionic con-
centration,k the Boltzmann constant,T the temperature
κ the inverse Debye length,s the interparticle distance, an
γ0 is given by the following expression:

(3)γ0 = exp(zeψ0/2kT ) − 1

exp(zeψ0/2kT ) + 1
,

wherez is the valence of the ions in solution, e is the cha
of the electron, andψ0 is the potential at the surface that c
be obtained from electrophoretic measurements.

The inverse Debye length is given by

(4)κ =
(

8πe2NAI

1000εkT

)0.5

,

whereNA is the Avogadro number,I is the ionic strength o
the solvent, andε is the relative dielectric permittivity of th
solvent.

For low potentials, the following simplified expressio
can be used:

(5)ΦR = 1

2
εRψ2

0 exp(−κs).

The attraction potential due to van der Waals forces
be calculated by the following equation[12]:

ΦA = −A

6

[
2R2

s + 4Rs
+ 2R2

s2 + 4Rs + 4R2

(6)+ ln

(
s2 + 4Rs

s2 + 4Rs + 4R2

)]
,

whereA is the Hamaker constant that depends both on
solvent and on the particles,R is the radius of the particle
ands is the interparticle distance.

The repulsion forces decay exponentially with distan
The exponential coefficient, the inverse Debye length, mo
tonically increases with the ionic strength of the mediu
Thus, an increase in the ionic strength of the solvent
lower the range of the repulsion forces by increasing
coefficient in the exponential but will have no effect in t
attraction potential. The increase in ionic strength will a
cause a decrease in the zeta potential, and thus the Ste
tential of the particles. The net force affecting the partic
will change, favoring the attraction forces and facilitati
aggregation.
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Fig. 1. Schematic description of the problem: a flat plate covered with a liquid layer of thicknessl0, from which two particles of diameter 2R > l0 protrude.
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2.2. Capillary forces

The deformation of a liquid–fluid interface due to trapp
colloidal particles gives rise to capillary forces exerted on
particles. These forces are usually attractive and lead to
formation of clusters. Kralchevsky et al.[13] developed a
set of equations to calculate the capillary interaction ene
between colloidal particles partially immersed in a liquid,
solving the Laplace equation for the interface.Fig. 1depicts
the situation considered: a flat plate covered with a liq
layer of thicknessl0, from which two particles of diamete
2R > l0 protrude.

The solution assumes a small inclination of the con
line from the horizontal position, in which case the horizo
tal projection of the contact line can be approximated b
circumference of radiusrc and a small slope of the menisc
surface; the condition is always satisfied with small float
number (small Bond number)[14].

The interaction energy	W between the particles due
capillary forces can be calculated by

	W(s) = −2πγ
[
2(hc − h∞)R cosα − rchc sinΨc + r2

c

+ r∞h∞ sinΨ∞ − r2∞
]

(7)− 2	ρg

(∫
V 1

zdV −
∫

V 1∞
zdV

)
.

By means of the Green theorem, the integrals over
meniscus volume and surface in the second term in Eq(7)
are transformed to integrals over the 3-phase contact
leading to∫
V 1

zdV −
∫

V 1∞
zdV

= π

2

{
1

2

(
h2

c − h2∞
)[

2l0(2R − l0) − h2
c − h2∞

]
(8)+ 4

3
(R − l0)

(
h3

c − h3∞
) − r2

c h2
c + r2∞h2∞

}
.

This value usually turns out to be negligible as shown by
numerical calculations[13].
,

The two sets of equations to be solved are:

(9)r∞ = √
l∞(2R − l∞),

(10)Ψ∞ = arcsin

(
r∞
R

)
− α,

(11)l∞ = l0 − r∞ sinΨ∞ ln

(
γeqr∞(1+ cosΨ∞)

4

)
,

where lnγe is the Euler–Masceroni number (γe =
1.781072418),

(12)q =
√

	ρg

γ
,

(13)h∞ = r∞ sinΨ∞ ln

(
2

γeqr∞

)
,

and at each interparticle distances:

(14)rc = √
l(2R − l),

(15)a =
√

s2 − r2
c

l
,

(16)Ψc = arcsin

(
rc

R

)
− α,

(17)τ1 = ln

(
a

rc
+

√
1+ a2

r2
c

)
.

The variables that have effects on these forces are
density difference between the liquid and the air, the liq
surface tension, and thickness of the liquid film in which
particles are immersed.

3. Experimental

Silica particles of sizes ranging between 100 and 300
were used. Silica particles of two sources were used: s
were prepared in the laboratory following the Stöber–Fi
Bohn method[15], and the others were obtained from Niss
Chemical Industries, Ltd. The particle average size, stan
deviation of their size distribution and sources are sho
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Table 1
Size distribution and sources of the silica particles

Particle type Mean particle size
(nm)a

Standard deviation Sourceb

Si 300 305 9% (1)
Si 250 244 7% (1)
PST 1 88 21% (2)

a Particle size distribution measured by scanning electron microscop
b Silica particles of two sources were used: (1) prepared in the labora

following the Stöber–Fink–Bohn method[15], (2) from Nissan Chemica
Industries, Ltd.

Table 2
Solvent characteristics used in the deposition experiments: ethanol,
pure water, and four aqueous solutions of CaCl2 of different ionic strength

Solvent [CaCl2]
(m/l)

Ionic strength
(M)

γ

(mN/m, 20◦C) [16]

Ethanol 0 – 22.800
Water 0 – 72.750
1-IS 0.0004 0.0012 72.752
2-IS 0.04 0.12 72.911
3-IS 0.05 0.15 72.951
4-IS 0.5 1.5 74.760

in Table 1. Zeta potentials were determined by MALVER
Zeta Meter.

Suspensions of the particles in different solvents w
prepared. Each one was washed at least three times to e
there was no contamination from the solvent in which
particles were initially obtained. CaCl2 (Aldrich, Milwau-
kee, WI) was added to the aqueous suspensions to inc
ionic strength. The surface tension of CaCl2 solutions was
calculated using the correlations given by Weissenborn e
[16], who studied the surface tension of high ionic stren
aqueous solutions. The solvents used in this study and
characteristics are presented inTable 2.

Glass microslides were carefully cleaned with etha
and then placed vertically into glass vials containing appr
imately 10 ml of a particle suspension. Upon evaporatio
the liquid, the silica particles deposited on the microsli
The deposits were imaged by SEM using a Philips XL
ESEM. Previous to imaging, the samples were coated
gold using a CrC 100 sputtering system (Plasma Scien
Inc.) to create a conductive surface.

4. Results and discussion

The deposits were imaged with SEM in order to o
serve the resulting morphologies. In all cases, the eth
and pure water suspensions gave deposits with a uni
arrangement of particles resembling the hexagonal pac
of spheres. The deposits formed from ethanol have slig
more ordered structures; this can be attributed to the
ference of surface tension of the solvents; the decreas
surface tension in the case of ethanol facilitates the me
cus deformation and increases the magnitude of the c
re

e

r

,

f

lary interaction[17]. The attractive capillary forces betwee
the particles are thus stronger and result in a more com
arrangement. This effect was not so clearly observed fo
PST1 particles. These particles have a higher standard
viation of the size distribution that negatively affects t
packing regularity during deposition. As the ionic stren
of the solvent increases, the structure of the deposits t
to be more open and for the higher ionic strength cases
structures exhibited tree-like morphologies, with branc
composed of clusters of particles that grew from the r
tively more compact arrangement of the first layers.

The deposition process can be conceptually divided
two steps. First, the particles in the suspension approac
glass slide as the liquid evaporates, and they attach. The
ond step is the drying of the liquid film that partially cove
the deposited particles. In this step, the capillary forces
tract the particles closer together and thus an ordered
compact structure is formed. In the case of ethanol, for
ample, the particles are subjected to a net repulsive f
while in suspension and they approach the glass slide
vidually to form the deposit. However, when the partic
are suspended in a high-ionic-strength solvent, the po
tial barrier that prevented the particles from attaching in
previous case is much lower and can be overcome. T
aggregates are formed in the bulk of the suspension be
deposition, and the particles do not approach the glass
one by one but rather in aggregates. As a result, open,
like structures are formed. The higher the ionic strength,
less the repulsive interactions between the particles bec
and more particles deposit as aggregates with a more d
ganized structure.

The ability to obtain deposits with variable morpholo
provides a way to design the pore structure of templ
derived membranes. Five to ten layers of small spheres
stitute an optimal template for the active filtration layer of
asymmetric membrane, while an open deposit of bigger
ticles will form a good membrane support, giving mecha
cal strength without compromising hydraulic permeabilit

Fig. 2 shows the SEM images corresponding to depo
of silica particles with an average diameter of 244 nm. C
(a) is a deposit from ethanol, (b) from an aqueous solutio
0.15 M ionic strength, and (c) from an aqueous solution
1.5 M ionic strength. In the case of ethanol, the particles
perience a net repulsive force in the bulk and they appro
the glass surface individually to form the deposit. When
particles are suspended in the high ionic strength sol
(cases (b) and (c)), aggregates are formed in the bulk an
deposition process is one of clusters in lieu of individual p
ticles. The higher the ionic strength of the solvent, the m
open the deposit morphology. Similar trends were obse
in template formation using 88 nm silica particles (Fig. 3).
Deposits from suspensions in ultrapure water (a) were
ilar to those formed at from suspensions in a low io
strength (0.001 M) solution (b). The relatively broad parti
size distribution of these smaller particles tends to obs
any differences that may occur between these two soluti
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Fig. 2. Silica particle deposits on a vertical glass microslide. Particles
an average size of 244 nm. The suspensions were prepared with dif
solvents: (a) ethanol; (b) aqueous solution 0.15 M ionic strength; (c) a
ous solution 1.5 M ionic strength.

However, at a relatively high ionic strength (0.12 M), t
open structures typical of high-ionic-strength solvents be
to show.Fig. 4 shows images of deposits of silica partic
of 305 nm average diameter. Images (a) and (b) are dep
from ethanol and ultrapure water, respectively. In both ca
there is a net repulsive interaction between the particle
suspension and no aggregates have formed; for deposi
tained from ethanol, we observe that the arrangement is m
t

s
,

-

Fig. 3. Silica particle deposits on a vertical glass microslide. Particles
an average size of 88 nm. The suspensions were prepared with dif
solvents: (a) ultrapure water; (b) aqueous solution 0.0012 M ionic stre
(c) aqueous solution 0.12 M ionic strength.

compact. Image (c) is a deposit from high ionic stren
when the open structures are formed.

Calculations of interaction energy were performed ap
ing DLVO theory of electrostatic interactions and the se
equations derived by Kralchevsky et al. that describe c
illary interactions between particles partially submerged
a liquid [11,18,19]. Figs. 5 and 6show sample calculation
for silica particles of 244 nm in diameter.Fig. 5 illustrates



M.M. Cortalezzi et al. / Journal of Colloid and Interface Science 283 (2005) 366–372 371

have
feren
IS.

for
or
that
y is
e of
ever
pen
uld

and
the

by a
t in a

ion
me

of a
nd

he
nm,

th

ved,
nif-
the

hus
Fig. 4. Silica particle deposits on a vertical glass microslide. Particles
an average size of 305 nm. The suspensions were prepared with dif
solvents: (a) ethanol; (b) ultrapure water; (c) aqueous solution 0.12 M

the relative importance of capillary interaction energy
the particles partially immersed in different solvents. F
these calculations, we assumed a liquid level of 150 nm
corresponds to 75% of the particle diameter. The energ
(in absolute magnitude) consistently smaller for the cas
the ethanol suspension than for the aqueous one. How
the results show that deposits made from ethanolic sus
sions were more tightly packed. The reason for this co
be the effect of the rate of evaporation of the solvent
the convective flux of particles to the substrate which in
t

,
-

Fig. 5. Capillary interaction energy of silica particles (diameter= 244 nm)
partially immersed in water and in ethanol.

Fig. 6. DLVO interactions between silica particles (diameter= 244 nm). In
the case of ultrapure water, particle–particle interactions are limited
substantial energy barrier. At higher ionic strength, particle attachmen
secondary minimum is favored.

case of ethanol favors a more compact arrangement.Fig. 6
shows the total interaction energy (electrostatic repuls
and van der Waals attraction) for silica particles of the sa
size as a function of interparticle distance for the case
low-ionic-strength suspension (0.001 M ionic strength) a
a high-ionic-strength solution (0.1 M ionic strength). T
data used in the calculations are: particle diameter 24
Zeta potential of the particles−85 mV (low ionic strength)
and−25 mV (high ionic strength), Debye reciprocal leng
0.106 l/nm (low ionic strength) and 1.06 l/nm (high ionic
strength), Hammaker constantA131= 7.87×10−21 J. In the
low ionic strength case, a high energy barrier is obser
preventing the particles from aggregate; this barrier sig
icantly decreases in a high-ionic-strength solvent, and
energy shows a minimum at approximately 5 nm, and t
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favors the attachment and aggregation of particles, as
served in the experiments.

5. Summary and conclusions

The morphology of the particle deposits was succ
fully modified by varying the properties of the solvent
which the particles were suspended. Organic and low-io
strength solvents resulted in ordered structures of hexag
packing. High-ionic-strength solvents yielded disorgani
and open tree-like structures due to aggregation of the p
cles in the bulk of the suspension prior to deposition. T
deposits can be used as templates for the fabricatio
porous membranes; the results of this work suggest tha
pore morphology of these membranes can be design
the nanoscale by changing the surface tension and the
strength of the solvent from which the template is obtain
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Appendix A. Nomenclature

	W interaction energy between particles
γ surface tension of the solvent
h meniscus elevation at the particle.
R particle radius
α contact angle
r height of the protruding portion of the sphere
Ψi meniscus slope at the contact line (at the particl
-

l

t
c

	ρ density difference (liquid–air)
g gravity constant
l0 thickness of the liquid layer in which the particl

are partially immersed
s 1/2 distance between spheres
X∞ value of the parameter X at infinite particle sepa

tion
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