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bstract

e studied pH localization phenomenon at electrodes under the influence of constant DC voltage during water electrolysis with a view to understand
he mechanism of particles consolidation and ordering during aqueous electrophoretic deposition. The pH localization phenomenon was found to
epend on applied voltage and initial pH. A pronounced pH localization occurred at higher voltages but the localization was negligible at lower
oltages, possibly due to the insufficient water electrolysis. The phenomenon was insignificant when the starting bulk pH was highly acidic or

lkaline, but was significant at intermediate pH ranges. During aqueous electrophoretic deposition of monodisperse polystyrene latex spheres,
eposition pattern followed a cyclic sequence of aggregation and dispersion of particles at the initial period of time. But after extended period of
ime, formation of agglomerated particles, multilayers and large clusters was observed. This effect was explained in the light of pH localization.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Electrophoretic deposition (EPD) technique has evolved as a
idely used ceramic forming process and is increasingly gaining

pplications in fabrication of thin/thick films, laminates, func-
ionally graded materials, advanced functional coatings, etc.,
ecause of its simplicity, low cost and versatility.1–3 Still, a
omplete understanding of the mechanism of deposit forma-
ion on the electrode is lacking. It is now well recognized that
PD is a three step process: (i) a formation of a stabilized sus-
ension of particles, (ii) the migration of particles towards the
eposition electrode under the influence of an electric field, (iii)
nd the destabilization of the suspension forming deposits on
he electrode surface. The mechanism of particle stabilization

nd electrophoretic migration is understood. However, a clear
nderstanding pertaining to the particle destabilization near the
lectrode and deposit formation is yet to be achieved. Several
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echanisms4–8 have been proposed by different researchers to
xplain the experimental results, and by far the most accepted
echanism of EPD was given by Sarkar and Nicholson.5 They

uggested a distortion and thinning of the electrical double layer
nvelope around the particles by prevailing fluid dynamics due
o the applied electric field during electrophoresis. The shear
orce acting on the double layer envelop streamlines it, mak-
ng it thinner ahead and wider behind the particles. Sarkar and
icholson5 speculated that the cations (co-ions) in the suspen-

ion which also move along with the positively charged particles
owards the cathode, are in excess and react chemically with the
ounter ions of the extended double layer tail, thus reducing its
hickness and facilitating particle coagulation. However they did
ot support their speculations with any experimental data. Fur-
her, De and Nicholson9 noted that as the cations carry the major
art of the current to the cathode, their concentration in the vicin-
ty of the cathode must decrease because of discharge. Hence,

o-ions concentration should be a function of position and time
n the EPD cell. They developed a model and showed by theo-
etical calculations that the H+ ions concentration gets depleted
ear the cathode by discharge at the electrode. This results in

dx.doi.org/10.1016/j.jeurceramsoc.2010.04.034
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odification of the local pH in the vicinity of the electrode. To
aintain the charge transfer process at a virtual equilibrium, the
+ ions must be supplied by the bulk solution (x = ∞) to the

athode (x = 0).
The charge transfer process can be described as the following:

+
x=∞

transport-process−→ H+
x=0 + e−charge-transfer−→ 1/2H2 (1)

This process will be controlled by the rate of diffusion of
+ ions from the bulk to the interface. Their calculation pre-
icted the position and time dependent co-ions concentration
n the EPD cell. Besra et al.10 experimentally verified the pH
ocalization theory of De and Nicholson9 for a 5 vol% alumina
uspension through the application of continuous as well as
ulsed DC during EPD. They showed the evidence of sharp pH
ncrease in the vicinity of the cathode and concurrent decrease in
H near the anode. However, their study was confined to a sin-
le bulk initial pH value of 4.5. It will be of interest to study the
xtent of pH localization effect as a function of initial pH. Hence,
n this paper, we investigated pH localization phenomenon as a
unction of the initial pH. Further, EPD of spherical mono dis-
erse polystyrene latex (PS) spheres, in aqueous suspension has

een investigated under the influence of a continuous DC volt-
ge. The evolution of deposition patterns of PS spheres on the
lectrode, as a function of time and initial pH was explained on
he basis of pH localization effect.
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Fig. 1. pH meter used f
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. Experimental

Water electrolysis experiments were conducted in an EPD
ell using silicon wafer as the anode and palladium as the counter
lectrode, using deionised water (Milli-Q system, Millipore,
.054 �S/cm). Experiments were conducted at 1 V and 20 V DC,
sing a source meter (model 2410, Keithley Instruments, Inc.,
SA). A very low current of about 1 �A, and 1 mA was regis-

ered for 1 V and 20 V, respectively due to low conductivity of
ater. Accordingly, the conductivity of the water was adjusted

o about 100 �S/cm by using 7 × 10−4 M KCl solution. The cur-
ent increased to 20 �A and 20 mA for 1 V and 20 V applied DC,
espectively after addition of KCl. To study the pH localization
ffect, about 30 �l water sample was carefully drawn with a
icro-pipette having a sharp tip from near the wall of the elec-

rodes at different intervals of time ranging from 5 s to 15 min
uring electrolysis. It was then carefully dropped onto an ion
ensitive field effect transistor (IS-FET) pH meter (Model no:
2K712) (Fig. 1). The electrodes are compactly placed at the tip
f the pH meter. The 30 �l water sample was sufficient to give
reproducible measure of pH. The results reported in the paper
re an average of at least five measurements for each point. The
easurements were made at varying initial pH ranging from 2.4
o 11, adjusted using 1 M HCl and 1 M NaOH solutions. All the
onductivity measurements were made by a conductivity meter
Con510, Eutech Instruments).

or measurement.
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Table 1
Observed pH values near the electrodes with time during water electrolysis as the function of initial pH initial conductivity = 100 �S/cm.

Time (s) Local pH at the electrodes

Initial pH 2.4a Initial pH 4.2b Initial pH 6.6c Initial pH 11.0d

pH at anode pH at cathode pH at anode pH at cathode pH at anode pH at cathode pH at anode pH at cathode

5 2.4 2.4 3.6 5.1 4.1 9.6 10.7 10.7
10 2.4 2.4 3.6 7.7 3.8 10.3 10.7 11.0
15 2.4 2.6 3.6 7.7 3.6 10.7 10.7 11.0
30 2.4 2.6 3.7 7.4 3.4 10.6 10.7 11.1
60 2.3 2.4 3.3 8.0 3.2 10.9 10.7 11.0

300 2.3 2.3 3.3 8.4 3.2 11.3 10.3 11.0
600 2.4 2.6 4.1 4.2 3.3 11.4 10.7 11.0
900 2.4 2.6 4.2 4.2 3.3 11.3 10.7 10.4

a Conductivity after pH adjustment: 1500 �S/cm; max. current registered: 100 mA.
A.
A.

mA.
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adjustment, the conductivity of water increased to 1500 �S/cm
at pH 2.4 and to 800 �S/cm at pH 11.0. At these pH values, a
high current (100 mA) flow was registered. The instantaneous
b Conductivity after pH adjustment: 200 �S/cm; max. current registered: 30 m
c Conductivity: 100 �S/cm (no pH adjustments); max. current registered: 20 m
d Conductivity after pH adjustment: 800 �S/cm; max. current registered: 100

To study the deposit formation during aqueous EPD, sul-
ated polystyrene (PS) latex spheres (400 nm, Aldrich, USA)
ere chosen as the model system. The variation of their surface

harge in water as a function of pH was measured by Streaming
otential method11 using a particle charge detector (PCD 04,
utek, Germany). EPD was conducted using 0.1 wt% aqueous

uspension of PS spheres with conductivity adjusted to about
00 �S/cm by using 7 × 10−4 M KCl solution. The pH of the
uspension was 6.6. At this pH, PS spheres acquire a negative
harge, and therefore an anodic deposition was expected. EPD
as conducted at different time intervals ranging from 5 s to
5 min on a silicon wafer anode with palladium as the counter
lectrode. The deposit area on the Si wafer was maintained at
cm2, and the inter-electrode distance was fixed at 1 cm. The
eposits on anode were dried in a high humid condition for 48 h.
he deposit patterns formed were analyzed using SEM.

. Results and discussion

Electrolysis of pure water at standard temperature and pres-
ure is thermodynamically not favorable. From the Nernst
quation, the standard potential for water electrolysis at 25 ◦C
nd pH 7 is −1.23 V. The negative sign of the voltage indi-
ates the Gibbs free energy for water electrolysis is greater
han zero. However, to make the water electrically conduct-
ng, a water soluble electrolyte (i.e. 7 × 10−4 M KCl solution) is
dded. During the electrolysis, the reduction occurs at cathode
2H+ (aq) + 2e− → H2 (g)], while the oxidation reaction occurs
t the anode [2H2O (l) → O2 (g) + 4H+ (aq) + 4e−]. As a result
f these reactions, there is an accumulation of H+ cations near
he anode, and a deficit of H+ near the cathode. Although the
lectrolyte ions (K+ and Cl−) will neutralize some of them, a
on-uniform distribution of H+ is expected due to its high mobil-
ty. Fig. 2 shows the variation in pH with time near the anode
nd the cathode on application of 1 V and 20 V DC during water

lectrolysis (initial bulk pH 6.6). For the 20 V applied poten-
ial, a significant drop in anode pH occurred and pH reduced
o about 4.0 within 5 s and dropped further to 3.2 within 1 min.
he anode pH eventually stabilized around 3.0 after an extended

F
w

eriod of time (900 s). The values presented here are an average
f 5 experiments. The drop in anode pH was not very significant
or an applied potential of 1 V because of insignificant elec-
rolysis in comparison to 20 V. Similarly, a significant increase
n cathode pH was noticed on application of 20 V. The cath-
de pH increased to 9.3 within 5 s, and reached a pH value of
0.6 after 1 min. The change in cathode pH on application of
V was insignificant. At the initial pH of 6.6, the water had a
onductivity of about 100 �S/cm. The cell registered a current
f 20 �A and 20 mA on application of 1 V and 20 V, respec-
ively. Since pH localization effect was not pronounced at lower
oltages, all the subsequent experiments were carried out at
0 V DC.

Table 1 lists the pH values observed near the electrodes when
he initial pH was varied from 2.4 to 11.0. It can be seen from
he table that at extreme pH values of 2.4 and 11.0, no pH local-
zation effect could be observed. It should be noted that after pH
ig. 2. Variation of local pH at anode on application of 1 V and 20 V DC during
ater electrolysis.
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ig. 3. Variation of streaming potential with pH for 0.01 wt% of PS aq. suspen-
ion.

H localization, if occurring at these extreme pH, were not
etectable in the time scale of our measurement. The flux of
on under the existing dynamic state was very high resulting in
ery fast attainment of equilibrium. However, in the interme-
iate pH values of 4.2 and 6.6, the pH localization effect was
learly detected. The conductivity of water was 200 �S/cm and
00 �S/cm at pH 4.2 and 6.6, respectively. The registered cur-
ent flow at these pH values was 30 mA and 20 mA, respectively.
omparatively, the pH localization effect was more pronounced
t the neutral pH of 6.6 compared to more acidic pH of 4.2.

The effect of the pH localization on the deposition pattern was
nvestigated during the electrophoretic deposition of polystyrene
pheres (400 nm size) in aqueous medium. Fig. 3 shows the
ariation of surface charge of PS spheres in terms of stream-
ng potential as a function of pH. At the neutral pH range, PS
pheres were highly negatively charged; the magnitude of the
egative charge decreased progressively with decrease in pH

owards acidic values. The point of zero charge of sulfated PS
pheres appeared to lie very close to pH 1.0. Fig. 4 shows the
ariation of pH at close proximity of the anode during EPD of PS

ig. 4. Variation of local pH at anode on application of 20 V DC during EPD of
S.

e
p
u
f
o
t
a
h
f
t
t
a
t
t
a
F
r
i

F

w

eramic Society 30 (2010) 2467–2473

pheres (initial bulk pH 6.6). Unlike Fig. 1, some fluctuation in
H was noticed during the initial period of time. Within 5 s, the
H dropped from a value of 6.6 to 4.8, and then reduced further to
.6 in 10 s; however it again increased to 5.7 in 15 s, then slowly
ecreased to 3.6 within 1 min and stabilized near that value till
he end of the experiment, conducted for 15 min. As soon as the
PD experiment began, an accumulation of H+ cations occurred
ear the anode. As a result, initially there was a sharp decrease of
H; however as more bulkier and highly negatively charged PS
pheres accumulated near the anode, they neutralized some of
he H+ cations, resulting in an increase in pH. The final pH gra-
ient observed in the EPD cell was determined by the diffusion
f the more mobile H+ cations.

Scanning electron micrographs of deposits depicted through
ig. 5 illustrates the evolution pattern of the deposits with time.
t shows that for an applied voltage of 20 V, the deposits fol-
owed a cyclic increase and decrease of particle number density
n the initial period of time. For example, the number density of
S spheres at 5 s was comparatively lower, but increased at 10 s
Fig. 5a and b). However, the deposit withdrawn at 15 s revealed
reduced number density of PS spheres (Fig. 5c), showing sin-
lets, doublet and triplet clusters. The number density increased
gain for 30 s (Fig. 5d) and decreased for 1 min (Fig. 5e). When
PD was carried out for an extended period of time, the number
ensity of PS spheres increased slowly from 5 min to 10 min
eposits (Fig. 5f and g) and showed a large cluster of PS spheres
Fig. 5h) after 15 min. After 15 min, pH near deposition electrode
tabilized at a value which is near the isoelectric point (i.e.p.)
f polysterene spheres resulting in decrease in double layer
hickness and a consequent decrease in electrostatic repulsion
etween the depositing spheres promoting coagulation.

During EPD, negatively charged PS spheres moved towards
node along with the co-ions (OH−). As they come close to
he electrode, double layer thickness reduced due to the low-
ring of pH in the vicinity of the electrode as a result of the
H localization effect. Such a lowering of pH results in coag-
lation of PS spheres. However, PS spheres do not necessarily
orm deposit immediately on the electrode. A sensitive balance
f forces acting on the PS, namely, the electrophoretic force,
he gravity force, the van-der Waals attraction, the electrostatic
ttraction/repulsion, the steric force, the depletion force, and the
ydrodynamic drag will determine its equilibrium separation
rom the electrode. Depending on the magnitude of the forces,
he PS might reside at a considerable distance from the elec-
rode. In the simplest approach, by neglecting the gravity, steric
nd depletion forces (bare particle), one can model the rest of
he forces as (i) an electrode-colloidal interaction force (FC) i.e.
he total interaction force between the electrode and the particle,
nd (ii) the electrophoretic force (FE), acting on the particle.12

C is determined by the particle electrode potential and can be
epresented by double layer repulsion ϕDL and van-der Waal
nteraction ϕVWD.
C = − d

dh
(ϕDL + ϕVWD)

here h is the separation of the particle from the electrode.
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Fig. 5. SEM micrographs of the de

In absence of electrical field, the nature of interaction fol-
ows DLVO model and is schematically presented by the dotted
ine in Fig. 6 in arbitrary unit. However, when electric field is
resent, electromotive force will act on the particle and can be
epresented by the following equation:

E = μE

ωn
E∞
here μE is the electrophoretic mobility, ωn is the hydrodynamic
obility and E∞ is the electric field.
It was shown after detailed analysis by Ristenpart12 that the

ombined effect of electrophoretic mobility and hydrodynamic

t
e
t

taken at different interval of time.

obility marginally increase the electophoretic force on the par-
icle as it nears the electrode (dotted line in Fig. 6, negative values
ignifies the attractive nature of the force).

The total force (FT) acting on the particle then can be repre-
ented as:

T = FC + FE
At large separation distance from the electrode, the elec-
rophoretic force (FE) is the dominant force compared to the
lectrode-colloidal force (FC). However in close proximity of
he electrode, the colloidal force (FC) is higher than the elec-
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ig. 6. Schematic presentation of electrode–particle interaction potential during
PD.

rophoretic force (FE) resulting a barrier. The PS particle will
eside in the secondary minimum of the total interaction poten-
ial, thereby preventing it to come in close contact with the
lectrode. In such cases, a significant liquid layer exists between
he particle and the electrode, and, consequently, the particles
re relatively free to move parallel to the electrode. In the initial
eriod of deposition, the pH decreased very fast and modified the
ouble layer thickness and thereby the local interactions leading
o some deposit formation at the electrode. In addition, an elec-
roosmotic slip flow13 along the surface of the particle which
rises due to the presence of the electrode prevented the particle
rom moving freely, and induced lateral aggregation of the par-
icles on the electrode surface. Chain like aggregates (Fig. 5a)
f PS spheres were observed at the initial period, which grew
ith time (Fig. 5b). But as pH increased, the electrostatic repul-

ion increased, and the particles may reside in the secondary
inimum of potential well, and thereby, capable of lateral move-
ent as reasoned earlier. Hence in such cases, stripping of the

eposited particles from the electrode is possible. It may be
he cause of the cyclic dispersion and clustering of PS parti-
les observed in the initial period of deposition (Fig. 5c–e). As
he deposition time increased, the pH near the anode stabilized
ear 3 (Fig. 3), resulting in a reduction of the electrostatic repul-
ion between the spheres and increasing the effective attraction
owards anode. This promotes clustering with multilayer forma-
ion of the PS spheres (Fig. 5f–h). One point to note here, when
he time of deposition increased (more than 1 min), there was an
ccumulation of O2 bubbles, that further disturb the deposition
f PS spheres. As a result, bare substrate surface was still visi-
le even after 15 min of deposition. Such uneven deposition will
odify the local electric field in such a way that freshly incoming

articles will tend to deposit preferentially on uncovered areas

n the substrate. If EPD will continue for long enough time, the
articles will cover the whole area and eventually the deposi-
ion yield will decrease due to increased electrical resistance of
lready deposited particles.
eramic Society 30 (2010) 2467–2473

. Conclusion

The pH localization phenomenon was studied as a function
f the initial pH during water electrolysis under the influence
f a constant DC voltage. During water electrolysis at extreme
H (2.4 and 11) values, no pH localization effect was detected.
n both the cases the pH remained almost unchanged (starting
rom 5 s) throughout the experiment. However, for the interme-
iate ranges of starting pH (i.e. for pH 4.2 and 6.6), significant
H localization effect was observed. Comparatively, more pro-
ounced pH localization was observed at more acidic pH of 4.2
han the near neutral pH of 6.6. This may be due to the higher
oncentration of H+ at more acidic pH, and higher mobility of
+ compared to more bulky OH− group.
The effect of pH localization on deposit formation in an

PD cell was studied using a model system, namely, mono dis-
erse polystyrene sphere of 400 nm diameter at starting pH of
.6. Deposits withdrawn in the initial period of time exhibited
epeated clustering and rarefaction of cluster formation by PS
pheres. Unlike the case of water electrolysis, a fluctuation in
H values is apparent in the initial stage. This cyclic change
as been attributed to the increase of H+ ion concentration near
he anode and a subsequent neutralization of these ions by the
ighly negative PS spheres which cause the ephemeral rise in
H value. It was presumed that the initial fluctuation of pH near
eposition electrode caused modification of the electrical double
ayer thickness leading to change in local interactions that affect
he balance of the electrode-colloidal forces and electrophoretic
orces. After an extended period of time, pH at the vicinity of
epositing electrode, determined by the concentration of H+

ons, tend to approach towards pHi.e.p. of PS spheres. It promoted
ormation of agglomerated particles and big clusters with mul-
ilayer formation. The clustering and agglomerates formation
as also non-uniform with some portions of the substrate still
ncovered owing to the disturbance created by oxygen bubbles.
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