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Formation of the regularly arranged tubular pores
during electrophoretic deposition
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The formation mechanism of regularly arranged tubular pores during an acid-based electrophoretic deposition (EPD) pro-
cess was explored by studying the influence of gauze electrodes and suspension properties on the pore structures. The gauze
electrodes can change the intensity of electrical field on the electrode surface, and thus control the pore locations. The mesh
size not only restricts the ultimate pore size, but also determines the regularity of the pores. Under specific experimental condi-
tions, a critical value of mesh size for attaining the regularity of the pores arrangement can be determined. Meanwhile, the pore
structures can be controlled by a combination of pH value and zeta potential of the suspensions. The strength of the acidity is
also one of the determinants to the final structures.
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1. Introduction

Tubular porous ceramics are attracting more
and more attention in the application of insula-
tions, filters, heat exchangers and adsorbent car-
riers [1, 2]. The combustion or volatilization of
polymer media is one of the typical methods to
prepare the tubular porous ceramics. For prepar-
ing regularly arranged tubular pores, the extru-
sion method is always recommended in the in-
dustrial field. However, these methods are com-
plicated, expensive, and time consuming due to
the necessity of template removing or the molding
process [3–5].

The tubular porous ceramics can also be
fabricated by a combination of aqueous-based
electrophoretic deposition (EPD) process with si-
multaneous gas generation from water electrolysis
[6–9]. Electrophoretic deposition has been proved
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to be a very efficient method in producing dense
green bodies [10, 11], laminates [12–15], com-
posites [16–18] and coatings [19–21] for many
ceramics categories. For thick deposit applications,
aqueous based electrophoretic deposition is often
questioned due to gas generation by the electrolysis
of water, which may result in the unexpected pore
structures [22]. In most cases this phenomenon
need to be avoided, but it can be quite useful
to produce the tubular porous ceramics without
any molding or template removing processes.
Furthermore, when using the gauze electrodes
instead of flat plate electrodes, the regularly
arranged tubular pores can also be produced by the
aqueous based electrophoretic deposition [7, 10].
Moritz et al. [7, 8, 10] have tried this method
in several kinds of ceramics in platinum gauze
electrodes, and successfully obtained regularly
arranged tubular pores in the locations of the mesh
holes. They also found that the mesh sizes had
great influence on the distribution and regularity
of the pores [7]. Since it is sure enough that
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the pores are produced by the electrolytic
gas generation in aqueous suspensions,
the reason why the gauze electrodes can make
them arrange regularly is still not explained well.
To clarify this, the factors that might affect the
formation of the regularly arranged tubular pores,
such as mesh size and suspension properties
need further discussion. In this paper, the electric
field distributions in the gauze electrode during
electrophoretic deposition was calculated for
different mesh sizes. The effects of the suspension
properties on the formation of the tubular pores
were also deeply discussed. After that, a probable
formation model was set up, which tries to explain
the forming process of the regularly arranged
pores.

2. Materials and experiments
A commercially available alumina powders

(Demeter (Suzhou) Electronics Environmental Ma-
terials Co., Ltd.) having 120 nm average particle
size were used for preparing the suspensions. Sev-
eral acid solutions, such as carboxylic acid with
different numbers of methyl groups, hydrochloric
acid and nitric acid were used as solvents with
designed concentrations. The solid content in the
suspension was set as 15 wt.%. The suspension
was magnetically stirred for 2 hours followed by
15 min ultrasonic treatment. The zeta potential of
each suspension was measured by a zeta poten-
tial instrument (JS94H). The electrophoretic depo-
sition was conducted using a continuous DC power
source (DYY-6D, Liuyi Instrument Plant, Beijing)
with stainless steel as electrodes. No obvious cor-
rosion could be observed on the surface of the
stainless steel electrodes in the current experimen-
tal conditions with limited acidity and deposition
time. The dimensions of the deposition electrodes
were 20 mm2 × 20 mm2, and the distance between
the two electrodes was adjusted to be 20 mm. A
piece of stainless steel gauze was assembled be-
tween the two electrodes and was electrically con-
nected with the cathode, which was the deposition
electrode. The square-shape meshes with different
dimensions from 0.1986 mm to 0.6567 mm were
used. Electrophoretic deposition without a gauze

was also performed for comparison. The applied
constant voltages during electrophoretic deposition
were set from 10 V, and the deposition time for
each experiment was 10 min. The pore structure
of the green bodies after electrophoretic deposi-
tion was investigated by optical microscopy (BL-
SZM745, Belona). The XRD patterns (Fig. 1) of
the dried green samples confirm that their chemi-
cal compositions have not changed during the elec-
trophoretic deposition. The average pore sizes and
distributions were investigated by measuring more
than 100 isolated pores.

Fig. 1. XRD pattern of the deposited alumina powders
and green body deposit.

3. Results and discussion
The optical photographs of the green body de-

posited using different gauze sizes are shown in
Fig. 2. The pore sizes of the green bodies have
been determined from these photographs and the
results are exhibited in Table 1. Tubular pores can
be formed without the assistance of any gauze, and
randomly arranged cylindrical pores were formed
by random bubble collapse during the deposition
process. A critical value for the current experi-
mental conditions can be assumed when the coa-
lescent bubbles burst through the deposit. Fig. 2b
to Fig. 2e show the photos of the green bodies
prepared on the gauze surfaces with various mesh
sizes. The final pore sizes seem to be increasing
linearly with the mesh size which indicates that
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the pores were grown under the restriction of the
mesh grid. However, the green body produced by
the grid with 0.1985 mm in size has not gener-
ated regularly arranged pore structures, but ran-
domly distributed pores instead. For comparison,
all the grids that were larger in size than the criti-
cal value showed a potential to form regularly ar-
ranged tubular pores. On the other hand, the ra-
tio of the pore size to the mesh size (Sp/Sm) was
found to be decreasing, which means that the re-
striction of the grids on the pores coalescence was
reduced with the increasing mesh size. The criti-
cal value of the grid size is when the Sp/Sm value
is very close to 1, which could be defined as the
breakthrough point whether the pore structure is
regularly arranged or not. When the Sp/Sm value
is greater than this breakthrough point, it would
happen that the growth of the bubbles on the elec-
trode surface would be restricted by the grid. These
partly developed bubbles would not be stable and
could undergo a further coalescence process after
escaping from the grid. In this sense, the coales-
cence of these small bubbles can not only enlarge
the pore size, but also disorganize the arrangement
order. As a result, the irregularly arranged pores
could be observed when the mesh size is smaller
than the critical pore size.

Table 1. The average values of pores size and the ratio
of the pore size to the mesh size (Sp/Sm).

Mesh size [mm] Average pore sizes [mm] Sp/Sm

0.6567 0.5834±0.1148 0.88933
0.4650 0.4536±0.1124 0.97548
0.3033 0.3110±0.0840 1.02539
0.1985 0.2483±0.1251 1.25088

without mesh 0.2819±0.1015 –

Since the relationship between the pore dimen-
sions and mesh size has been clarified according
to the performed discussion, the reason why the
pores can always be located inside the grids is still
ambiguous. It is well known that the pore evolu-
tion on the electrode surface must be determined
by the deposition process and water electrolysis,
both of which are relevant to the electric field in-
tensity on the electrode surface. In common sense,

the increase in the electric field intensity will effec-
tively accelerate both deposition and electrolysis
processes. The distribution of electric field on the
deposited electrodes is shown in Fig. 3. The electric
field intensity differences between the mesh grids
and mesh holes are also shown in Table 2. It is
not difficult to find from the calculation results that
the intensities of the electric field increased with
the mesh sizes, not only on the mesh grid but also
inside the mesh holes. And a more important fact
is that the electric field intensity on the surface of
the mesh grid is much higher than that inside the
mesh holes. Based on this observation, the depo-
sition rate of the alumina particles is much higher,
and consequently thicker and denser deposit is pro-
duced at the location of the mesh grid than inside
the mesh holes. Likewise, it seems that the elec-
trolysis on the grid must also be accelerated and
produce initially more bubbles on the grid surface.
However, the generation of these bubbles would
not last long because the dense deposit is formed
on the grid surface very quickly, and then only few
water available for electrolysis might remain on the
grid surface to retain the electrolysis reaction. On
the other hand, relatively loose deposit is easily de-
stroyed inside the mesh holes, where the plate elec-
trodes have positive effect on the coalescence of
the bubbles to reach their critical size due to the
thermocapillary flow and migration [23]. As a re-
sult, the constantly released hydrogen gas bubbles
generate inside the mesh holes, where with a great
probability, the pores finally develop.

Table 2. The differences of the electric field intensities
between the mesh grids and holes in the gauzes
with different mesh sizes.

Mesh Electric field intensity [V/mm]
size [mm] Mesh grid/Eg Mesh hole/Eh ∆E = Eg – Eh

0.6567 1283.7 522.66 761.04
0.465 1201.8 414.04 787.76
0.3033 1191.6 382.67 808.93
0.1985 1080.2 198.74 881.46

As already mentioned, although the mesh grids
can differentiate electric field intensities on the sur-
face of the electrode and help to determine the pore
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Fig. 2. Optical photographs of the tubular porous alumina ceramics prepared (a) without a mesh; and at various
mesh sizes: (b) 0.1985 mm; (c) 0.3033 mm; (d) 0.4650 mm; (e) 0.6567 mm.

locations, regularly arranged tubular pores have not
been created in any kind of acid-based suspension
systems. Fig. 4 shows the optical photographs of
the deposited green body from alumina suspen-
sions with different types of acids. When the pH

value was set as 4.13, the suspension containing
hydrocholoric acid or nitric acid has not resulted
in a porous appearance after EPD, but a smooth
and flat surface instead. We can find the arranged
pores situated at the site close to the electrode, as
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Fig. 3. Calculated electric field strength distribution on the gauze surface for different mesh sizes (a) no mesh; (b)
0.1985 mm; (c) 0.3033 mm; (d) 0.4650 mm; (e) 0.6567 mm.

shown in the inset of Fig. 4b. These buried pores
are covered deeply by the deposit and have the size
equal to the mesh dimension. When the pH value
was decreased by adding more hydrochloric acid,
regularly arranged tubular pores have been formed,

though the increased acid content (Fig. 4d) has pro-
voked some uncontrollable coalescence and broke
the regularity of the pore arrangement.

The competition between deposition rate
and bubble release degree ultimately determine
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Fig. 4. Optical photographs of surfaces with a deposit from suspensions containing different types of acids: (a)
propionic acid, pH = 4.13; (b) hydrochloric acid, pH = 4.12; (c) nitric acid, pH = 4.13; (d) hydrochloric
acid, pH = 2.78. The insets represent (a) the pore diameter distribution determined from the relevant optical
photographs; (b) the optical photograph of the opposite surface (close to the gauze) of the green body.

whether the pore structure is regular. In order to
explain the effect of hydrogen ions concentration
on the pore formation during electrophoretic depo-
sition, the variation of pH values of the suspension
along with the deposition time were recorded
in Fig. 5. In the suspension whose original pH
value was 4.13, either in the hydrocholoric or
propionic acid, no significant changes could be
found during the procedure of EPD. According to
the optical photographs, the propionic acid might
ionize continuously to produce hydrogen ions in
order to compensate their consumption during
the formation of hydrogen gas. In this sense, the
hydrogen ions concentration is kept constant in
propionic acid based suspension. In the system
with hydrocholoric acid, the deposit structure had
a great effect on the pH value modification. When

the porous deposit was produced, no more hydro-
gen ions could be generated due to the complete
ionization of HCl, so that the pH values would
consequently increase during the EPD process. As
shown in Fig. 5, the pH value increased from 2.78
to 3.10 when the hydrocholoric acid was used as
an acid source. However, because the reduction
reaction between hydrogen ions and electrons
could only happen on the surface of the electrode,
no more hydrogen gas was generated after the
bubbles were covered by the deposit, which
resulted in the stabilization of the pH value during
the electrophoretic deposition in the hydrocholoric
acid suspension with lower acid concentration.

In order to deeply clarify the relationship be-
tween the pore structures and the suspension
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Fig. 5. The pH values variation during the deposition
from suspensions with different acids.

properties with acid addition, further studies of
EPD were performed with diverse acid categories
and concentrations. The structures of the deposits
were statistically classified on the basis of the pH
values and zeta potentials of the suspension, which
represent the gas release rate and the particle de-
position rate, respectively. The acid categories in-
cluded carboxylic acid (formic acid, acetic acid,
and propionic acid), hydrochloric acid and nitric
acid as well. As shown in Fig. 6, a sufficiently high
value of zeta potential was the prerequisite for the
formation of the tubular pore structure during EPD.
Very few deposit could be produced below the zeta
potential value of 20 because of the lower surface
charge and resulting aggregation. For the suspen-
sions with higher zeta potentials, three different
pore structures can be distinguished depending on
the pH values and the acid types: (i) pH < 3.6 in
all kinds of acids: as shown in the inverted trian-
gle region in Fig. 6, irregularly oriented pores can
be achieved under this condition because of the fast
release rate and uncontrollable coalescence of bub-
bles due to the higher concentration of hydrogen
ions; (ii) pH > 3.6 in strong acids: the oriented
pores are covered by quickly densified deposit (the
hollow triangles), and can no longer release hy-
drogen gas due to the depletion of hydrogen ions
close to the electrode; (iii) pH > 3.6 in weak acids:
the regularly arranged tubular pores can be formed
under such conditions. The existence of the weak
acids contributes to the steady release of hydrogen
ions, forming gas bubbles which can break through

the deposit layer at its relatively weak part, for ex-
ample, the position of mesh holes, and eventually
form the bubble channels inside the deposit.

Fig. 6. Effect of the pH values and zeta potential on the
deposited pore structures.

4. Conclusions
The deposits with regularly arranged tubu-

lar pores can be successfully prepared by
an acid-based electrophoretic deposition. The roles
of the gauze electrodes and suspension properties
on the final pore structures have been deeply stud-
ied in this work. Different intensities of electric
field on the mesh grid and inside the mesh holes are
the primary reason that the pores can be arranged
regularly with the help of a gauze electrode. A crit-
ical value of the mesh size can be found in spe-
cific conditions, and orderly distributed unidirec-
tional pores can be achieved when the mesh sizes
are beyond this value. The competition between the
deposition rate and bubble release extent, together
with the control of bubble coalescence, determine
the final pore structures.
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