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Hypothesis: Catalysts, chemical, gas, and bio- sensing devices fabricated from porous nanoparticle films
show better performance and sensitivity than their bulk material counterparts because of their high
specific surface area. Electrophoretic deposition (EPD) technique is a cost-effective, fast, versatile, and
easy to perform method to fabricate porous nanoparticle films. However, conventional EPD is currently
limited by the fact that the deposition rate decreases with time, resulting in an eventual plateau in the
deposit yield. Here, we sought to overcome this limitation by establishing and leveraging the critical role
of the particle’s electrophoretic mobility in EPD kinetics.
Experiments: To identify the impact of electrophoretic mobility on EPD yield we used alumina nanopar-
ticles suspended in ethanol as a model system. Changes in particle mobility were monitored via changes
in the effective pH (pHe) of the suspension during EPD. We also developed a new suspension replenish
EPD approach that allows us to maintain near-constant particle mobility and particle concentration with
time thereby increasing yield.
Findings: We observed that in conventional EPD the particle mobility of the alumina nanoparticles
decreased with time, resulting in a halting of deposition. Further, using the suspension replenish EPD,
we observed a linear increase in the mass of the deposited film with time, overcoming the plateau lim-
itation of conventional EPD.
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1. Introduction Fig. 1 shows our particle replenish approach, which was used to
The performance and sensitivity of catalyst, chemical, gas, and
bio- sensing materials relies on the adsorption or transfer of matter
(e.g., gases, chemicals, electrons, ions, or other analytes) on the sur-
face or across the interface of the material. Thus, one approach to
increase the performance and sensitivity of these materials is to
increase their specific surface area (surface area per unit mass)
[1–6]. Porous materials have higher specific surface area than their
non-porous counterparts. There are various top-down and bottom-
up approaches that can be used to fabricate porous materials.
Top-down approaches include electrochemical etching of bulk
materials and lithography while bottom-up approaches include
self-assembly, drop-casting, spin coating, and electrophoretic
deposition (EPD) of nanomaterials [1,7]. EPD has certain advan-
tages over other top-down and bottom-up approaches such as rel-
ative ease, versatility in material choice, range of achievable
thickness, cost-effectiveness, and faster rate of deposition [7–11].
However, EPD is plagued by several limitations, such as poor mor-
phology control, poor adhesion of films, and a decrease in the
deposition rate with time [12–17]. EPD deposits charged micro-
and/or nano- particles suspended in a solution onto an oppositely
charged electrode or substrate under the influence of an externally
applied electric field. In this work, we seek to develop an EPD
method that exhibits a constant deposition rate with time, overcom-
ing limitations of existing methods by understanding the critical role
of particle’s electrophoretic mobility in this dynamic process.

Various factors determine the deposition rate (dm/dt) in EPD as
shown by the first kinetic model developed by Hamaker:

dm=dt ¼ fCslAE; ð1Þ

here, the deposition rate (dm/dt) is directly proportional to the
sticking parameter (f), particle concentration (Cs), electrophoretic
mobility of the particle (m), area of the substrate (A), and electric
field (E) [18]. However, this model fails to consider that these vari-
ables are time varying. For example, as the particles are deposited
onto the substrate, it follows that the particle concentration (Cs)
in the suspension decreases. It has also been experimentally shown
that the effective electric field i.e., the electric field that the particles
experience in the suspension also decreases with time despite a
constant externally applied electric field [17,19,20]. This decrease
in the effective electric field arises as the deposited film increases
the resistance of the substrate [12,21]. Subsequently, Sarkar et al.
developed a kinetic model that accounted for the time-variance of
both particle concentration and effective electric field [12]. Based
on the existing models, it is widely accepted that the decrease in
deposition rate with time is due to these two time-decreasing fac-
tors i.e., particle concentration and effective electric field [7,14].

In this work, we demonstrate that the particle’s electrophoretic
mobility is another important factor driving the decrease in the
deposition rate with time. The electrophoretic mobility determines
how fast a particle moves under the influence of an electric field.
The particle mobility is dependent on the surface charge which is
a function of the pH of the suspension for an electrostatically sta-
bilized particle [22]. The existing kinetic models assume that the
particle mobility remains constant during deposition [14]. Con-
trary to that assumption, we showed that the particle mobility
does not remain constant throughout deposition and decreases
with time as the pH of suspension shifts towards the isoelectric
point. Accordingly, this decrease in particle mobility with time
should result in a corresponding decrease in the deposition rate
(Eq. (1)). To demonstrate this relationship and its impact on depo-
sition rate, we developed a set of experiments that would allow for
the isolation of the effect of the particle mobility on the EPD yield.
keep the particle concentration and the effective electric field
nearly constant with time while allowing the particle mobility to
vary with time. This allowed us to isolate the role of the time-
decreasing particle mobility on the deposition rate.

Further, with an understanding of the critical role that the par-
ticle mobility plays in determining the EPD yield, we developed a
suspension replenish EPD approach in which a fresh suspension
was introduced at every 10 min interval, replenishing both the par-
ticle mobility and the particle concentration back to their original
values. As a result, we obtained a constant deposition rate with
time overcoming the plateau limitation faced in conventional
EPD, achieving up to 6 times improvement in both the yield and
the thickness of the deposit. We anticipate that this approach is
broadly applicable to a wide variety of materials and can be used
to manufacture various electronic and medical devices from nano-
materials in a more efficient and scalable manner.
2. Experimental section

2.1. Initial stable suspension preparation

Dry a-alumina nanoparticles (>99% purity, 80 nm diameter,
3.97 g/cm3 density) were purchased from US Research Nanomate-
rials, Inc., USA. A non-aqueous solvent (200 proof ethanol, Acros
Organics) was used to prepare the initial suspensions. a-alumina
nanoparticles were added to a 20 ml solution of hydrochloric acid
(Technical HCl, Fischer Chemical) and ethanol to obtain a positively
charged suspension of 0.25 vol% (vol.%) alumina nanoparticles. The
initial suspension had an effective pHe of ~ 1.70 +/- 0.04. A Branson
SFX 550 probe ultra-sonicator with a 1/4th – inch micro-trip
attachment was used in the pulse mode (20 s on and 10 s off) for
3 min at an amplitude of 18% to break up particle agglomerates
in the suspensions. During ultra-sonication, the suspension was
contained in a 50 ml centrifuge tube which was surrounded by
an ice water bath to prevent heating of the suspension.

2.2. Suspension characterization

Operational pH measurements were performed in non-aqueous
solvents and are referred to as the effective pH or pHe [23,24].
The pHe measurements were performed according to the ASTM
D6423-19 standard protocol using a Thermo Scientific 5107 BNMD
No-Cal pH/Automated Temperature Compensation combination
electrode connected to a Thermo Scientific Orion Star A111 bench-
top pH meter [23]. The pH electrode was calibrated using fresh
Thermo Scientific buffers (pH 1.68, pH 4.01, and pH 7.00) before
each measurement unless the measurements were performed on
the same day. The suspensions were poured into a 20 ml borosili-
cate beaker and magnetically stirred during the measurement. The
pH probe was immersed in the stirred suspensions and the pHe
values were recorded 30 s after immersion. The zeta potential
and the electrophoretic particle mobility of alumina particles in
solution were measured using Malvern Panalytical’s Zetasizer Ultra
instrument. Malvern’s diffusion barrier technique was used to per-
form these measurements. The zeta potential was calculated from
the particle mobility using the Hückel model.

2.3. Electrophoretic deposition of nanoparticles

In this work, three electrophoretic deposition variants were
performed, including conventional EPD, particle replenish EPD,
and suspension replenish EPD. All three EPD variants were per-
formed using a Bio-Rad Power-Pac 1000 power supply in



Fig. 1. Flow-chart diagram of particle replenish EPD.

Fig. 2. Schematic of the electrophoretic deposition (EPD) set up used for all
depositions.
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constant-voltage mode. A schematic of the setup used for all depo-
sitions is shown in Fig. 2. A Fisherbrand hexagonal polystyrene
weigh boat of 47 mm inner diameter sitting on a lab jack (stage)
was used to contain the EPD suspensions. Compressible graphite
(7.50 mm wide � 35.50 mm long � 3.00 mm thick) was used as
the counter electrode and was connected to the positive terminal
of the power supply using an alligator clip. Substrates were fabri-
cated by sputtering 10 nm of titanium (adhesion layer) onto a 4-i
nch h1 0 0i prime-grade silicon wafer followed by sputtering a
100 nm gold layer onto the titanium layer using a KJL CMS-18
Multi-Source sputtering tool in a cleanroom facility. The wafer
was then diced into 6 mm � 20 mm substrates using an ADT
7100 dicing saw. Before EPD, the substrates were cleaned using
isopropyl alcohol and deionized water, followed by drying with
nitrogen gas. After cleaning and drying, the initial weight of the
substrate was measured using an analytical balance. The substrate
was then connected to the negative terminal of the power supply
using an alligator clip and kept parallel and 33 mm from the coun-
ter electrode. The bottom edge of the substrate and the counter
electrode were kept ~1 mm above the bottom of the weigh boat.
2.3.1. Conventional electrophoretic deposition
In conventional EPD, depositions were performed for 10, 30, 50,

and 70 min with applied electric fields of 20, 40, 60, 80, and 100 V/
cm. After each deposition, the power was turned off, and the coun-
ter electrode and the substrate were removed from the suspension
by moving the stage down. The as-deposited film was then dried in
air for 3 min before the mass measurement. To visualize the pHe of
different regions in the EPD suspension after the deposition, a
universal pH indicator solution by Ricca Chemicals was used.
500 mL of the indicator solution was pipetted into the EPD suspen-
sion after the power was turned off and the photographs of the EPD
suspension were taken after the color change had equilibrated
(~1 min). To determine the pHe of the solution from the color of
the universal indicator solution a reference chart (Supplementary
Fig. S1) was prepared by adding hydrochloric acid/sodium hydrox-
ide to ethanol.
2.3.2. Particle replenish electrophoretic deposition
To maintain the particle concentration and the effective electric

field nearly constant with time to let only particle mobility vary
with time, particle replenish EPD (Fig. 1) was developed. In this
approach, first, conventional EPDs were performed for 10, 20,
and 30 min with an applied electric field of 100 V/cm. After the
depositions, the used suspensions were collected from the EPD
boat and poured into 50 ml centrifuge tubes. The collected suspen-
sions were centrifuged at 9000 RPM for 10 min using an Eppendorf
5804 centrifuge to separate the supernatant from the particles. The
supernatant solutions were then transferred to fresh 50 ml cen-
trifuge tubes using a pipette. Fresh a-alumina nanoparticles were
then added to 20 ml of the supernatant solutions to obtain the ini-
tial particle concentration of 0.25 vol%, replenishing the particle
concentration back to the original concentration. Each of the parti-
cle replenished EPD suspensions were then used to perform a con-
ventional EPD for 10 min with an applied field of 100 V/cm. The
suspension was also magnetically stirred during deposition to fur-
ther maintain constant particle concentration. A fresh substrate
was used for each deposition to maintain a near constant effective
electric field. After each deposition, the film was removed from the
suspension and air-dried for 3 min prior to mass measurement.
2.3.3. Suspension replenish electrophoretic deposition
In suspension replenish EPD, deposition was paused after every

10 min to remove the old suspension, followed by the introduction
of a fresh suspension and resumption of deposition for another
10 min. These steps were repeated until a total deposition time
of 30, 50, and 70 min was obtained for applied electric fields of
20 V/cm and 100 V/cm. After each deposition, the film was
removed from the suspension and air-dried for 3 min prior to mass
measurement.
2.3.4. Characterization of electrophoretic deposition films
Scanning electron microscopy (SEM) images of cross-sections of

the deposited films were taken using an FEI Nova NanoSEM 430 to
determine the film thickness. The cross-sections of the deposited
films were prepared by cleaving the samples using a tungsten
scribe. Before performing SEM, the cleaved samples were coated
with a 10 nm conductive layer of gold–palladium using a Denton
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Desk 2 sputter coater. The film thickness was measured from the
SEM images using ImageJ.
3. Results and discussion

3.1. Conventional electrophoretic deposition kinetics

Fig. 3 shows the mass of the deposited film as a function of the
deposition time in conventional EPD for applied electric fields
ranging from 20 to 100 V/cm. In each of these depositions, the
deposition rate, i.e., slope, decreases with time, and the yield ulti-
mately plateaus after approximately 30 min. The current EPD
kinetics models attribute this effect to a decrease in both the par-
ticle concentration and the effective electric field in the suspension
with the increasing deposition time [12,14]. However, we hypoth-
esize that the electrophoretic mobility of the particle is also
decreasing with time and may also contribute to this plateau in
yield. The existing models have assumed that the particle mobility
remains constant during EPD.

During EPD, the pH or effective pH (pHe, for non-aqueous sol-
vents) of the suspension will change. This pH changes arises
because the hydrogen ions in the solution undergo an electro-
chemical reaction, forming H2 gas upon gaining electrons from
the negative electrode. This depletion of H+ ions causes the pH or
the effective pH (pHe, for non-aqueous solvents) of the suspension
to change. This change in pH/pHe will also affect the surface chem-
istry of an oxide particle as its surface is protonated or deproto-
nated, thereby changing its surface charge and its electrophoretic
Fig. 3. The mass of the deposited film as a function of the deposition time for the
films deposited via conventional EPD using applied electric fields ranging from 20
to 100 V/cm. For each data point, three EPD runs were performed, and their
corresponding film mass was measured to calculate the average and the standard
deviation. Lines are a guide to the eye.

Fig. 4. Photographs of the EPD suspensions taken after adding universal pH indicator so
(non-stirred) was performed with an electric field of 100 V/cm via conventional EPD. Re
color represents pHe ~ 10–13.
mobility [22,25]. To show that the pH/pHe of the EPD suspension
is changing as a function of time, a universal indicator solution
was added to the EPD suspension after 10, 30, 50 and 70 min of
deposition (non-stirred) performed with an applied electric field
of 100 V/cm (Fig. 4). Fig. 4a shows that after 10 min the suspension
has a uniform pHe of approximately 2, which is close to the initial
value. However, after 30 min of deposition (Fig. 4b), the pHe of the
suspension is no longer uniform and the pHe near the substrate is
much higher, indicated by the bluish-green color (pHe ~ 10–13).
This local pHe rise near the substrate can be attributed to the
depletion/electrochemical reduction of H+ ions occurring at the
negatively charged substrate. After 50 min of deposition (Fig. 4c),
the color of the bulk of the suspension has shifted to yellow corre-
sponding to pHe of approximately 10. Moreover, the region of the
suspension near the substrate that has shifted to a basic pHe
extends further into the suspension. The isoelectric point of alu-
mina is ~pH 9 [25]. Thus, as the EPD experiment continues, the
pHe of the suspension near the substrate shifts towards this value,
where the alumina particles will have zero electrophoretic mobil-
ity, and thus not be mobile in an applied E-field. Additionally, the
time of 30 min, where there is an observable pHe shift near the
substrate to the isoelectric point of the alumina particles corre-
sponds to the time when a significant drop in the deposition rate
is observed in Fig. 3. Thus, the decreasing particle mobility with
time is likely also contributing to the plateau in yield with increas-
ing deposition time. This shift of pH/pHe of suspension towards the
isoelectric point of the suspended particle is also reported in other
EPD studies [19,26-31]. We also observed that upon continuous
stirring of suspension during the deposition the pHe gradients
were not visible but the pHe still shifts towards the isoelectric
point of alumina with time as shown in Supplementary Fig. S2.
3.2. Particle replenish electrophoretic deposition kinetics

Here, we hypothesize that the decrease in the particle mobility
with time results in a decrease in the deposition rate and the ulti-
mate plateau in yield. To confirm this statement, we developed a
particle replenishment EPD method (Fig. 1) that allowed us to per-
form depositions where the particle concentration and the electric
field in the suspension were maintained nearly constant with time
to isolate the effect of the time-decreasing particle mobility on
yield. In this method, supernatants from the conventional EPDs
performed at 100 V/cm for 10, 20, and 30 min were collected via
centrifugation. These supernatants were then used to suspend
the initial concentration of particles (0.25 vol%). This allowed the
pHe of the suspension to vary with time while allowing particle
concentration to be nearly constant as it was replenished to the
original value every 10 min. Each of the particle replenished EPD
suspensions were then used to perform a conventional EPD for
10 min with an applied electric field of 100 V/cm. The suspension
was also stirred during the deposition to minimize settling of the
alumina particles to further promote maintaining a near-constant
particle concentration. Additionally, when the suspension was
lution in them after (a) 10 min, (b) 30 min, (c) 50 min, and (d) 70 min of deposition
d color represents pHe ~ 2, yellow color represents pHe ~ 10, and the bluish-green



Fig. 5. The zeta potential and electrophoretic mobility of alumina particles plotted
as a function of deposition time. For each data point, five measurements were
performed to calculate the average and the standard deviation (error bars). Lines
are a guide to the eye.

Fig. 6. The deposition rate and the pHe of the suspension as a function of the
deposition time. The deposition rate was obtained by running EPDs at 100 V/cm and
the particle concentration and substrates were replenished at every 10 min interval.
For each data point, three experiment repeats were performed to calculate the
average and the standard deviation (error bars). Lines are a guide to the eye.

Fig. 7. The mass of the deposited film as a function of the deposition time deposited
via suspension replenish EPD by applying 20 V/cm and 100 V/cm fields. For each
field and time condition, three EPD runs were performed, and their corresponding
film mass was measured to calculate the average mass of the film. The error bars
correspond to the standard deviation amongst the three runs. Lines are a guide to
the eye.
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replenished to the initial particle concentration a fresh substrate
was also utilized for the deposition so the effective electric field
would also be maintained near-constant with time. Therefore, in
Fig. 8. Cross-sectional SEM of the films deposited via (a) conventional EPD and (b) suspe
conventional EPD film is 54.40 mm +/- 5.90 mm, while, the average thickness of the susp
this particle replenish EPD, the only deposition parameter that is
changing with time is the pHe of the suspension, and thereby the
particle mobility. The trend of particle mobility and zeta potential
as a function of deposition time is plotted in Fig. 5. It shows that
both zeta potential and particle mobility are decreasing as a func-
tion of deposition time as expected.

Furthermore, Fig. 6 proves our hypothesis and shows that the
deposition rate drops as a function of time as the pHe of the sus-
pension increases and the particle mobility decreases. Similar to
what was seen for conventional EPD, Figs. 3 and 4, the deposition
rate drops off significantly after 30 min. These results suggest that
decreasing particle mobility is another factor causing the decrease
in the EPD deposition rate with increased deposition time.
3.3. Suspension replenish electrophoretic deposition

In the previous section, we established that particle mobility
plays a critical role in the decreasing deposition rate with time.
Therefore, we hypothesized that we can overcome the plateau lim-
itation of conventional EPD by developing a suspension replenish
EPD approach in which both the particle mobility and the particle
concentration were maintained nearly constant with time by the
nsion replenish EPD, both deposited at 20 V/cm for 70 min. The average thickness of
ension replenish EPD film is 304.30 mm +/- 28.80 mm.
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replenishment of the suspension at 10 min intervals. Fig. 7 shows
that that the mass of the deposited film keeps increasing with time
for both 20 V/cm and 100 V/cm up to 70 min without encountering
the plateau of conventional EPD (Fig. 3). Thus, we showed that the
plateau limitation of conventional EPD can be overcome by main-
taining constant particle mobility and particle concentration dur-
ing the deposition. Additionally, the cross-sectional SEM images
of the films (Fig. 8) show that the film deposited via suspension
replenish EPD is 6 times thicker (304.30 mm +/� 28.80 mm) than
that deposited via conventional EPD (54.40 mm +/� 5.90 mm) using
the same electric field and time conditions. Moreover, the yield of
this suspension replenish EPD film is also 6 times greater (35.76
+/� 3.26 mg) than the conventional EPD film (5.44 +/� 2.34 mg).
It is important to note that improvement in yield can also be
obtained by adjusting the pH of the suspension back to original
via titration to replenish the particle mobility. One advantage of
this technique is that it would consume less material compared
to the suspension replenish approach.

4. Conclusions

Conventional EPD suffers from a major limitation, whereby the
deposition rate decreases with time and causes the deposit yield to
eventually plateau [7,12,14,32,33]. The existing EPD kinetic models
attribute this effect to a decrease in the particle concentration and
the effective electric field with time [12,14]. These models assume
that the particle’s electrophoretic mobility remains constant with
time and does not affect the deposition rate kinetics. Contrary to
that assumption, we showed that the particle mobility does
decrease with time and significantly decreases the deposition rate.
Using a-alumina nanoparticles suspended in ethanol as a model
system, we showed that pHe of the suspension shifts towards
the isoelectric point of alumina during EPD. This pHe shift towards
the isoelectric point causes a significant decrease in the particle
mobility. By developing a particle replenish EPD approach, we iso-
lated the effect of the time-decreasing particle mobility on yield as
both the particle concentration and the effective electric field were
maintained nearly constant with time and only the particle mobil-
ity was decreasing with time. As a consequence of the time-
decreasing particle mobility, we saw that the deposition rate
dropped to 0 mg/min after only 30 min of deposition. Furthermore,
utilizing this knowledge we overcame the plateau limitation of
conventional EPD by developing a suspension replenish EPD
approach in which both the particle mobility and the particle con-
centration were maintained nearly constant with time. Using this
approach, we observed a constant deposition rate with time and
the yield kept increasing with time overcoming the plateau limita-
tion of conventional EPD [7,17,32]. It led to up to 6 times improve-
ment in both the yield and the thickness of the deposit. Since this
approach applies to a wide variety of materials which are electro-
statically stabilized using pH adjustment, the yield and the thick-
ness of deposits of a number of materials can be improved
significantly by using the suspension replenish electrophoretic
deposition approach.
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