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Zeolite coatings are studied as molecular sieves for membrane @— Na @— Si
separation, membrane reactors, and chemical sensor applications. They are
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also studied as anticorrosive films for metals and alloys, antimicrobial and

hydrophobic films for heating, ventilation, and air conditioning, and dielectrics —‘ A?_—;F:- =

for semiconductor applications. Zeolite coatings are synthesized by hydro- Ha 2HzO€ 20H . I

thermal, ionothermal, and dry-gel conversion approaches, which require high /,-—;-6-;---\.\ .

process temperatures and lengthy times (ranging from hours to days). Here, / ... S e\
we report the first zeolite coatings synthesized via electrochemical deposition —— I Z;Lm‘,‘i
on a cathodic electrode, with controlled crystal polymorphism achieved within 4 Vi
subhourly duration. We demonstrate this approach by developing sodium R <

zeolite (e.g, sodalite (SOD), NaA (LTA), and Linde Type N (LTN)) 0: 2H,0 40H

coatings on a titanium electrode and extending the synthesis method to
porous stainless steel. The coating morphology and crystallinity depend on the
temperature, time, and applied current. The coating thickness is independent of the applied current, showing the presence of a self-
regulating mechanism to ensure a uniform coating thickness across the metal surface. The electrochemical zeolite growth mechanism
was elucidated with high-resolution transmission electron microscopy, and applications of the resultant zeolite coatings for oil/water
separation and ethanol/water pervaporation were exploited. Electrochemical synthesis represents a novel, simple, fast, and
environmentally friendly approach to preparing zeolite coatings. It can potentially be generalized for developing zeolite materials
with diverse framework structures, morphologies, and orientations for substrates with complicated geometries.

electrochemical deposition, zeolite crystallization, crystal polymorphism, sodium zeolite, zeolite coating

Different synthesis techniques have been developed for
depositing zeolite coatings on substrates to impart function-
alities to the components on which it is deposited. In situ
crystallization was the most widely researched method in the
past two decades because it allows the direct growth of zeolite
crystals on the support, which offers high adhesion and
cohesion between the zeolite coating and the underneath
support.”* Hydrothermal crystallization, ionothermal crystal-
lization, and dry-gel conversion are the methods commonly
applied for in situ crystallization of zeolite coatings.”* The
hydrothermal zeolite crystallization is often carried out by
reacting alkaline silicate and aluminate solutions or suspen-
sions of colloidal silica with amorphous aluminum hydroxide in
alkaline solutions at a set temperature and autogenic pressure
in a sealed autoclave.””*** Tonothermal crystallization uses
similar reagents and conditions to those of the hydrothermal

Zeolites are crystalline microporous aluminosilicates with
multifunctional properties including molecular sieving and
adsorption enabled by nanometer scale cavities, ion exchange
with cation sites within the negatively charged framework,
hydrophilicity/hydrophobicity, and dielectric properties regu-
lated by composition (i.e., silicon-to-aluminum (Si/Al) ratio),
intrinsic nontoxicity, and thermo-chemical stability. The
development of zeolite coatings with one or more of these
functional properties on supportive substrates has been actively
pursued for various applications. Zeolite films are well known
as molecular sieves for membrane separation,'’ membrane
reactor,” '* and chemical sensor applications.ls_18 Corrosion-
resistant zeolite coatings have been developed for metals or
alloys in severe conditions to replace chromate-based environ-
mentally unfriendly materials."” The combination of hydro-
philicity, adsorption, and heat transfer properties in low-silica
zeolite coatings is used for HVAC (i.e., heating, ventilation, August 1, 2024

and air conditioning) systems. Films of siliceous zeolites with November 1, 2024
low dielectric constants are used for insulating media in November 4, 2024
microelectronics.”” Antimicrobial zeolite coatings with hosted December 10, 2024

extra metal ions or particles (e.g, silver) are used for food
) ) . . o 021-23
industry or biomedical device applications.
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process, except that the water solvent is replaced by ionic
liquid."”*° An ionic liquid is a compound consisting of only
ions and typically has a higher boiling temperature and lower
vapor pressure than water, enabling the whole zeolite
crystallization process to occur at atmospheric pressure.
Different from the hydrothermal and ionothermal synthesis
approaches, the dry-gel synthesis method involves crystal-
lization of a precoated dry gel on the support into the zeolite
layer in the presence of a steam environment.””*” Although
these synthesis techniques have achieved great success in
developing zeolite coatings on different substrates, all of the
processes require high temperature conditions and long
reaction periods (e.g, hours or days), resulting in a high
energy and time cost.

Zeolite by itself does not have electronic conductivity due to
the presence of a wide electronic band gap.”® In the hydrated
state, they are ionically conductive with the nature of the
cation affecting the thermal activation energy of specific
conductivity in zeolites with Na* ions exhibiting the highest
conductivities.”*** The synthesis of zeolite, however, involves
an assembly of silica and alumina around positively charged
template molecules, catalyzed by negatively charged hydrox-
ides.”® This suggests that the application of an electric field in
zeolite synthetic solution could influence the Coulomb
interactions to achieve electrokinetic control of zeolite
crystallization. Studies on the properties of the zeolite synthesis
gel mixtures show that there is a potential gradient present
between electrodes immersed in the gel.”’ The potential
gradients are mainly influenced by the composition of the gel
mixtures.”’ Some studies have reported the effectiveness of
electrophoresis for deposition of zeolite seeds or growth of
zeolite film during hydrothermal synthesis.”>*” The application
of an electric potential across the synthesis solution resulted in
the deposition of zeolites on nonporous metal or secondary
alumina supports where the negatively charged particles
migrate toward the positively charged anode surface.’”*?
Another study developed AEL molecular sieves on the cathode
by applying an electric field that resulted in the conversion of
the surface of aluminum substrate to a molecular sieve in the
presence of positively char§ed [emim]+ cations that act as
structure directing agents.3 Recently, two studies demon-
strated heteroatom incorporation in hydrothermal zeolite
synthesis through controlled, in situ anodic metal release.’*
This electro-made zeolite has a much higher framework Lewis
acid site density for stannosilicates compared to batch
controls.*>*°

Herein, we report the first electrochemical deposition on a
cathodic electrode to develop zeolite coatings onto a metal
substrate. We demonstrate the electrochemical zeolite film
synthesis approach by developing sodium zeolite (e.g., sodalite
(SOD), NaA (LTA), and Linde Type N (LTN)) coatings on
titanium substrates in an electrochemical cell where platinum
and titanium were used as the anode and cathode electrode,
respectively. The dependence of the morphology and
crystallinity of zeolite coatings on synthesis temperature,
time, and applied current was explored by varying these
synthesis parameters. The extension of the electrochemical
zeolite coating onto a porous stainless-steel substrate was
explored. The as-developed zeolite coatings were characterized,
and the potential growth mechanism was discussed. The
applications of the resultant zeolite coatings for oil/water
separation and ethanol/water pervaporation were explored.
The electrochemical synthesis method is novel, simple, fast,
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and environmentally benign to prepare versatile zeolite
coatings. We anticipate that the method can be generalized
for synthesizing zeolites with diverse framework structures,
morphologies, or orientation for diverse substrates with
complicated geometries.

A zeolite synthesis gel with a molar composition of 5 SiO,/1 Al,O,/
50 Na,0/1000 H,O was used for the electrochemical synthesis of
zeolite coatings. It was prepared by dissolving required amounts of
sodium hydroxide and sodium aluminate in deionized (DI) water
followed by the addition of LUDOX Silica (30 wt % in water) and
mixing overnight in a plastic container. A platinum plate anode and
titanium or porous stainless-steel pellet was used as the cathode. Both
electrodes were arranged parallel and held apart in a zeolite precursor
gel solution. After the synthesis gel was heated to the desired
temperature in an oil bath, the electrochemical reaction was carried
out at this temperature with a constant direct current for the desired
time. In the sampling experiment, a gold grid was placed on the
surface of the cathode titanium electrode. After the deposition, the
cathode electrode was taken out of the solution, rinsed with DI water,
and dried in a convection oven. Experimental details are included in
Section S1.2 of the Supporting Information file.

The crystal structures of electrochemically synthesized zeolite films
were determined by powder X-ray diffraction (XRD) on a Bruker D8
diffractometer by using Cu—Ka radiation. Images of film morphology
were investigated by scanning electron microscopy (SEM; Zeiss
Auriga 60 CrossBeam). Focused ion beam (FIB) milling and energy-
dispersive X-ray spectroscopy (EDS) were used to probe the atomic
composition of the zeolite film along the sample cross-section.
Scanning transmission electron microscopy EDS (STEM-EDS) and
TEM/electron diffraction were performed using a JEOL JEM-
ARM200F TEM microscope with a 200 kV accelerating voltage, S0
um condenser aperture, and spot size 8C (for STEM, STEM-EDS).
Contact angle of a water droplet was measured using a VCA Optima
Contact Angle setup. Details can be found in Sections S1.3, S1.4, and
S1.8 of the Supporting Information file.

A mixture of toluene and water (50/50 vol %) was used as the feed in
the oil/water separation measurement. Toluene was dyed with Oil
Red O dye for visibility of the different phases. The porous stainless
steel or zeolite-coated porous stainless-steel membrane was attached
to the bottom of a conical tube. After the toluene/water was loaded
into the conical tube, vacuum was applied to the other side to provide
a pressure gradient for the separation. After no further separation was
observed, the volume of the permeate was measured and the oil
concentration was analyzed using a UV—vis spectrophotometer to
evaluate the flux and separation factor. Section S1.5 of the Supporting
Information file shows the experimental details.

A mixture of ethanol and water (90% ethanol/10% water, weight
basis) was used at the feed for the pervaporation measurements. The
coated pellet was attached to the end of a 1/4 in. stainless steel tube
using epoxy and was placed in the ethanol—water mixture. The setup
was then transferred to an oven preheated to the required
temperature. A vacuum was applied for 30 min to the permeate
side, and the permeate was collected in a cold trap using liquid
nitrogen. The permeate was weighed to calculate the flux and then
analyzed using gas chromatography to evaluate the separation factor.
The detailed procedure can be found in Sections S1.6 and S1.7 of the
Supporting Information file.
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B RESULTS AND DISCUSSION

Electrochemical Synthesis of Zeolite Coating on the
Titanium Substrate

The zeolite coating on a titanium cathode substrate was
synthesized using a clear precursor solution with a molar
composition of 5 SiO,/1 AlL,0;/50 Na,0/1000 H,O at a
temperature of 333 K, ambient pressure, and galvanostatic
conditions with a 1.00 A direct current. SEM images of the
substrates before and after the electrochemical deposition
revealed the deposition of zeolite films (Figure 1). The as-
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Figure 1. SEM images of titanium substrate (a) and zeolite coatings
after 45 min (b) and 120 min (c) of electrochemical synthesis. (d)
shows XRD patterns of the zeolite film coatings in comparison to the
XRD pattern of standard LTA, FAU, and LTN zeolites (synthesis
conditions: Pt anode, Ti cathode, 1.00 A direct current, 333 K,
ambient pressure, 200 rpm stirring).

polished titanium cathode has a plain surface with some dents
and roughness (Figure la). After electrochemical deposition
for 45 min, a layer of zeolite formed on the titanium substrate
containing a mix of pyramidal and cubical particles with sizes
of ~1 pm (Figure 1b). The titanium substrate is not
completely covered by the deposited materials. In the spaces
between these observed particles, small spherical particles
(~0.1 pm) are present. The deposition film exhibits weak
crystallinity, and the phases were identified as a mixture of
LTA and FAU (Figure 1d). When the synthesis time was
increased to 120 min, the coverage of the particles on the film
improved with intergrown particles (Figure 1c). In particular,
the particles evolved to form a continuous film, with cubical
particles on the film surface (~1.5 ym) exhibiting well-defined
edges interspersed with cuboctahedral particles (~1.6 pm)
with rounded edges, signaling the emergence of the LTN phase
(Figure 1d). The cross-sectional view of the deposition after
120 min revealed a film thickness of ~1.9 ym (Figure 2a). The
cross-section EDS line scans (Figure 2b) showed a high Ti
signal intensity from the titanium substrate, followed by an
obvious drop coinciding with increase in the signal intensities
of oxygen, sodium, silicon, and aluminum, which marks the
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Figure 2. Cross-sectional view SEM image of zeolite coatings after
120 min after FIB milling and (b) is the EDX line scan along the
orange line in (a) (synthesis conditions: Pt anode, Ti cathode, 1.00 A
direct current, 333 K, ambient pressure, 200 rpm stirring).

beginning of the deposited zeolite coating layer on the
substrate. The oxygen signal rises earlier than the those of the
other three elements (e.g., between 0.8 and 1.2 ym), which
suggests that an oxide layer could exist on the titanium
electrode surface. The sodium signal intensity stays higher
before 1.7 ym and lower after 1.7 ym than those of silicon and
aluminum signals. This hints that sodium is rich in the region
near the electrode surface, further confirmed by the EDS
spectrum at the zeolite—metal interface (Figure SS). Minimum
deposition is observed on the titanium substrate in the absence
of current after 120 min (Figure S6), suggesting that zeolite
crystallization on the substrate is enabled by the electro-
chemical deposition process. Under these synthesis conditions,
zeolite growth does not take place in the bulk phase, as
evidenced by the clear zeolite synthesis solution and the
absence of zeolite particles collected by centrifugation at
10,000 rpm.

Zeolite-Coating Polymorphism Varied by Electrochemical
Deposition Conditions

The development of zeolite coatings with crystal poly-
morphism variation on a titanium substrate was investigated
at variable synthesis conditions. The effects of electric field
were studied first by varying the applied current (Figure 3a—c),
in which the experimental conditions (i.e., 333 K, ambient
pressure, 200 rpm magnetic stirring, 1.00 A constant current,
and deposition time of 120 min) for zeolite coating in Figure
1c were used as the base case for comparison. At a low current
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Figure 3. SEM images of zeolite coatings developed at varying current
of (a) 025 A, (b) 0.50 A, and (c) 0.75 A at 333 K and 120 min
synthesis time. (d) shows the XRD patterns corresponding to the
developed zeolite contains in (a—c) in comparison with the standard
XRD patterns for LTA, FAU, and LTN zeolites (synthesis conditions:
Pt anode, Ti cathode, ambient pressure, 200 rpm stirring).

of 0.25 A, the deposition predominantly consisted of cubic
particles measuring 1.0—1.5 um, with small (~0.1 um)
particles filling the interparticle spaces (Figure 3a). Increasing
the applied current to 0.50 A (Figure 3b) resulted in the
growth of cubic particles (~1.3 ym) with an improved surface
coverage. The cubical particles have shaper edges than those
synthesized at 0.25 A. Moreover, the small (~0.1 pm)
spherical particles transformed into cuboctahedron LTN
particles ranging in size from 0.4 to 1.2 ym. Further elevation
of the current to 0.75 A led to the formation of cubical crystals
sized between 1.7 and 2.3 ym, along with large cuboctahedral
particles (~2.4 pm) with rounded edges (Figure 3c).
Concurrently with the changes in morphology, the crystalline
phases (Figure 3d) exhibited the LTA polymorph at 0.25 and
0.50 A and a blend of dominant LTA with a small amount of
LTN at 0.75 A. Increasing the current to 1.00 A (Figure 1c)
resulted in further growth of cubical particles with well-defined
edges interspersed with cuboctahedral particles with rounded
edges, as discussed above. Variation in applied currents
induced alterations in film morphologies and crystalline phases,
accompanied by improved crystallization kinetics at higher
currents, leading to more complete surface coatings on the
substrate.

The influence of synthesis temperature on electrochemically
deposited zeolite coatings was studied by setting the synthesis
gel temperature to 343, 353, and 363 K (Figure 4a—c),
respectively. These tests were performed with a constant
current for 45 min, using the zeolite coating in Figure 1b as the
reference (i.e., ambient pressure, 200 rpm magnetic stirring,
1.00 A current, and deposition time of 45 min). Elevating the
synthesis temperature from 333 (Figure 1b) to 343 K (Figure
4a) resulted in the growth of cubic LTA particles with well-
defined edges, reaching sizes of ~1.5 pm. The number of
pyramidal particles and small spherical particles that were
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Figure 4. SEM images of zeolite coatings developed varying
temperatures of (a) 343 K, (b) 353 K, and (c) 363 K at 1.00 A
current and 45 min deposition time. (d) shows the XRD patterns
corresponding to the developed zeolite coatings in (a—c) in
comparison with the standard XRD patterns for LTA, LTN, and
SOD zeolites (synthesis conditions: Pt anode, Ti cathode, ambient
pressure, 200 rpm stirring).

present in interstitial spaces among larger particles decreased
significantly compared to observations at 333 K. The deposited
layer consisted predominately of the LTA zeolite with a small
amount of the LTN phase (Figure 4d). Further increasing the
temperature to 353 K (Figure 4b) demonstrated nearly
complete coverage of the surface by LTN particles
(cuboctahedra with truncated edges) ranging from ~3.0 to
~5.0 pm, with thread ball-like structures (SOD) forming
between them. XRD patterns (Figure 4d) confirmed the
presence of LTN along with SOD crystalline phases. Finally, at
363 K, the zeolite coatings developed into spherical thread
ball-like particles (SOD phase), predominantly covering the
surface interspersed with cuboctahedron LTN particles (Figure
4c). The dominant crystalline phase was the SOD zeolite
(Figure 4d). Overall, these results indicate that higher
temperatures promote rapid electrochemical deposition
kinetics, leading to growth of large particles and transformation
of the zeolite crystalline phase from LTA to LTN and SOD
polymorphs. For shorter times of 45 min, a continuous film
was obtained only at higher temperatures of 353 K (Figure 4b)
and 363 K (Figure 4c). The film thicknesses were 1.1 and 1.8
um, respectively, evidencing faster growth kinetics at higher
temperature condition.

To study effects of both electric current and temperature on
morphologies of zeolite coatings, the synthesis of zeolite
coating at 363 K (Figure 4c) was further explored by varying
the current to 0.25, 0.50, and 0.75 A, respectively. At a low
current (0.25 A), deposition primarily consisted of intertwined
needle-like particles with larger particles (~3.8 pm) buried
underneath (Figure 5a). The crystalline phase is dominated by
LTN along with some SOD zeolites (Figure Sd). Increasing
the current to 0.50 A (Figure Sb) resulted in the formation of
large truncated octahedral particles (~4.2 pm). The needle-
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Figure S. SEM images of zeolite coatings developed at varying current
of (a) 0.25 A, (b) 0.50 A, and (c) 0.75 A at 363 K and 45 min
deposition time, respectively. (d) shows the XRD patterns
corresponding to the developed zeolite coatings in (a—c) in
comparison with the standard XRD patterns for LTN and SOD
zeolites (synthesis conditions: Pt anode, Ti cathode, ambient
pressure, 200 rpm stirring).

like structures observed in Figure 5a seemed to transform into
thread ball-like particles, filling the spaces among the large
truncated octahedral particles. Additionally, a small number of
cubical particles (~1.2 um in size) was observed on the
octahedron particles. The dominant crystalline phase still
consisted of LTN mixed with a small amount of the SOD
zeolite (Figure Sd). Further increase in current to 0.75 A led to
the formation of a mixture of plate-like and pyramidal particles
(Figure Sc). These plate particles appeared thicker and wider
compared to the features grown in the thread ball-like particles
observed in previous conditions. Although changes in the
morphology were observed, the deposited phase exhibited
crystallized LTN and SOD peaks. The coating film thicknesses
were about 1.8 ym in Figure Sa—c, which seems to be
independent of varied current. The effects of varying synthesis
conditions are outlined in Table S1.

Sodium zeolite has often been studied as an exemplary case
for zeolite structural transformation during zeolite crystal-
lization.””~*' Various synthesis parameters, such as the
precursor composition, temperature, and time, can signiﬁcantly
influence polymorphism. For example, increasing temperature
and/or synthesis time often initiates structural transformation
stages, progressing from amorphous to crystalline and from low
to high density zeolite frameworks.”” Among sodium zeolites,
LTA and FAU zeolites exhibit lower density frameworks
compared to LTN and SOD zeolites,>” which typically form
under initial synthesis stage or lower temperature conditions,
while the latter zeolites tend to form at a later stage or under
higher temperature conditions. The present study introduces
electric current as an additional parameter for tailoring
structural transformations in zeolite crystallization. Similar to
the effects of temperature or synthesis time, an increase in
current yields effects on zeolite polymorphism comparable to
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those observed at higher temperatures or with prolonged
synthesis times, following the Ostwald rule of s.tages.37’42

The thickness of continuous zeolite film coatings does not
seem to increase proportionally with increasing current, in
contrast to the relationship observed with increasing temper-
ature or synthesis time.”” This discrepancy likely arises from
the growing heterogeneity of the electric field magnitude on
the cathode, as the surface becomes increasingly covered by
zeolite. During the deposition process, regions of the cathode
surface covered by zeolite are likely to experience a weaker
electric field compared to adjacent regions that remain free of
zeolite coverage. This disparity is conducive to enhanced
zeolite nucleation and growth in the uncovered regions, while
growth in regions already covered by zeolite is slowed.
Consequently, lateral growth predominates on the cathode
surface over in-depth growth. Once the cathode surface is
entirely coated by zeolite, the electric field weakens between
the electrodes, leading to a deceleration in zeolite growth
across the entire surface. This self-regulating growth
mechanism facilitates the development of zeolite coatings
with a uniform thickness across the cathode substrate. This
contrasts with Ostwald ripening of particles under high
temperature, which grows large crystals at the expense of
smaller ones durin§ zeolite synthesis, leading to inhomoge-
neous particle size.” The electrochemical synthesis of zeolite
coatings presents a novel self-regulating mechanism for
achieving uniform coatings on the substrates.

The synthesis of zeolite involves the assembly of negatively
charged tetrahedrally coordinated silicon and aluminum
species around positively charged template molecules catalyzed
by negatively charged hydroxides. The influence of an electric
field on zeolite synthesis may stem from multiple mechanisms,
including electrophoresis, in situ water splitting, and electro-
chemical deposition of silicate and aluminate species from the
zeolite precursor gels. Electrophoresis typically results in
zeolite deposition on the positively charged anode. This
mechanism has been explored for coating zeolite seeds on a
charged support for secondary hydrothermal synthesis®>** or
driving zeolite particles to the anode support for membrane
zeolite preparation.””** It should be noted that electrophoretic
deposition of hydrothermally synthesized zeolite particles often
requires hours to complete due to the constrained zeolite
formation rate during hydrothermal growth. Our study
observed rapid (e.g., subhourly) zeolite growth on the cathode,
suggesting that electrophoresis of the silicate and aluminate
anions, driven by the potential gradient between the metal
electrodes, should not be the mechanism in the electro-
chemical synthesis of zeolite coatings. Besides, no zeolite
coatings were observed on the Pt anode under all tested
electrochemical deposition conditions.

In situ water electrolysis occurred in the electrochemical
synthesis of zeolite coatings, as evidenced by the evolution of
gas bubbles on both electrode surfaces. At the negatively
charged cathode, water reduction occurs, leading to evolution
of hydrogen gas and an increase in pH (see eq 1 in Figure 6a).
This local pH increase can facilitate the electrochemical
deposition of inorganic coating materials, as reported for
electrochemical synthesis of hydroxyapatite® ™" and silicate*®
materials. Zeolite crystallization requires a basic condition, so
pH plays a crucial role in influencing its nucleation and
growth.”” We anticipate that the high negative potential of the
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Figure 6. (a) Proposed electrochemical zeolite synthesis mechanism. (b) HAADF-STEM image of zeolite deposited on a gold grid in sampling
experiment. The magenta arrow highlights two spherical and cubical zeolite particles fused together. TEM images and electron diffraction patterns
of cubical LTA (c), spherical LTN (d), and amorphous aggregates in ribbon-like structure (e) in the deposited materials. (f) shows high
magnification BF-STEM image of the region in (b) outlined by orange rectangle and corresponding EDS maps of the image indicating spatial
distributions of O (cyan), Na (red), Si (green), and Al (purple) elements (synthesis conditions: Pt anode, Ti cathode, 1.00 A direct current, 363 K,

ambient pressure, 200 rpm, S min deposition time).

cathode and the generation of hydroxide ions on the cathode
electrode due to water electrolysis prompt the migration of
positively charged template ions (e.g, Na®). The high
concentration of sodium ions near the cathode surface (Figure
6a) serves as structure-directing agents.

The exclusive growth of zeolite on the electrode surface (i.e.,
absence of nucleation and growth in the bulk phase) implies
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that heterogeneous nucleation and growth contribute to the
electrochemical development of zeolite coatings. This should
involve an interaction between the zeolite precursor species
and the surface chemistry of the cathode. The alkaline solution
and premixing should have hydrolyzed the colloidal silica and
sodium aluminate precursors to form negatively charged
silicate (Si0,*") and aluminate (AlO,") ions. However, direct
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electrochemical deposition of these anions from the aqueous
zeolite synthesis gel is not thermodynamically feasible due to
the limited electrochemical window of water. According to the
Pourbaix diagram,” Ti would be present as HTiO;~ in the
zeolite synthesis gel composition (pH = 14.6), which coincides
with the presence of enhanced oxygen signals in the titanium
electrode observed in the EDS line scan (Figure le),
suggesting the presence of Ti(OH) species on the cathode
surface. Studies on zeolite crystallization diagrams®' suggest
that if the solution silicate ratio [SiO,]/[Na,O] is less than
0.25 and Na/Al is higher than 4, monomeric (Q;) and dimeric
(Q,) anions are present in significant amounts. It is reported
that Si(OH), condenses with any pre-existing solid surface that
bears OH groups.”® Therefore, we anticipate that titanium
silicate forms accordingly (see eq 2 in Figure 6a).*® Following
titanium silicate formation, polymerization of anionic species
would likely occur to enable heterogeneous nucleation. In
addition, the presence of sodium ions, that serve as structure-
directing agents, facilitates zeolite crystallization by shifting the
reaction equilibrium to the right-hand side (as illustrated by eq
3 in Figure 6a), leading to growth of zeolite coatings (Figure
6a). A temperature gradient may exist within the interfacial
layer between the cathode surface and the bulk electrolyte
solution, potentially influencing the formation of zeolite
coatings. However, due to the complexity of the reaction
system, encompassing water splitting, Joule heating, over-
potential effects, zeolite crystallization, etc., further inves-
tigation is required to confirm its specific impact.

To verify the proposed mechanism, the electrochemical
synthesis of zeolite coatings was sampled by placing an
amorphous carbon-coated gold transmission electron micro-
scope grid on the cathode surface (see Section S1.4 in the
Supporting Information file for details). After S min of
electrochemical deposition, the gold grid was removed from
the cathode surface and examined by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and TEM. Notable features observed on the carbon
film included ~0.5 um cubic and spherical particles, rough
ribbon-like films, and abundant ~0.1 ym particles (Figure 6b).
Electron diffraction patterns of the ~0.5 um cubic particles
indicated a crystalline LTA phase (Figures 6¢c and S7a), while
the ~0.5 um spherical particles were identified as an LTN
phase (Figures 6d and S7b). The ribbon-like film contained a
network of small particles that were identified as amorphous
(Figure 6e). The ~0.1 um particles were found to be
polycrystalline (Figure S8) and surrounded by an amorphous
phase. STEM—EDX mapping revealed that the crystalline
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particles possessed cores rich in sodium compared to the
particle exteriors and the surrounding amorphous phase
(Figures 6f and S8c,d). The oxygen, silicon, and aluminum,
however, were well distributed throughout the entire
crystalline—amorphous body (Figures 6f and S8d).

The zeolite morphologies and phases in the TEM sampling
experiment are consistent with those observed in the
electrochemical deposition of zeolites at lower temperature
(Figure 1b) or lower applied current (Figure 3a). The presence
of an amorphous phase surrounding the crystalline core is
consistent with previous observations of structural trans-
formation from amorphous to crystalline in the stages of
zeolite hydrothermal crystallization.”> The appearance of Na-
rich regions in the crystalline core is consistent with the
proposed electrochemical zeolite coating formation mechanism
in Figure 6a and with the sodium enrichment near the titanium
electrode observed by SEM EDS (Figures 2b and S5). It is
worth noting that even after only S min of electrochemical
deposition, micrometer-sized crystalline LTA and LTN zeolites
had already formed, suggesting expedited zeolite crystallization
kinetics under the applied electrified field. In contrast, the
growth of these zeolites takes significantly longer, ranging from
several hours to a few days, under hydrothermal synthesis
conditions, and as reported previously37’53’54 and evidenced in
our control experiment (Figure S10).

The electrochemical deposition of the zeolite coating is
applicable to other metal substrates and more complicated
geometries. Here, we employed a porous stainless-steel pellet
(Figure 7a) as the cathode, on which the zeolite coating was
developed using the same deposition conditions as those for
Figure 4c. Similar to the morphology and crystalline phases
observed on the flat titanium cathode, intertwined growth of
cuboctahedron LTN and thread ball-like SOD zeolites was
observed (Figure 7b). This zeolite coating significantly reduced
the water contact angle (i.e., from ~99 to ~40.1°, Figure S11),
indicating improved hydrophilicity of the metal substrate
surface. This enhanced hydrophilicity was further leveraged to
investigate the applicability of the zeolite-coated porous
substrate for oil—water separations using a mixed toluene
and water feed (50%/50% in volume, Figure 7c). The results
demonstrated excellent separation performance compared with
the bare stainless-steel support, with a toluene rejection of
99.5%. In contrast, the bare porous substrate exhibited a high
flux with no rejection under the same test conditions.
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magnification of the LTA zeolite coating in the cracks. (c) is the ethanol/water pervaporation performance data obtained from materials in Figure
7b and 8a,b. (d) is the ethanol/water pervaporation performance at different temperatures (synthesis conditions for (b): Pt anode, carbon-coated
porous stainless-steel cathode, 1.00 A direct current, 333 K, ambient pressure, 200 rpm stirring, 120 min deposition).

Zeolite membranes have been commercialized for pervapo-
ration applications for dehydration of organic solvents. For
example, the first large scale pervaporation plant based on the
LTA zeolite was developed by Bussan Nanotech Research
Institute Inc. (BNRI), Japan.”> The membranes were
developed on porous alumina/silica composite tubular
supports using seed dip coating followed by hydrothermal
treatment.”®> Other methods that utilized combined seeding
methods involving rubbing and dip coating were developed
which improved reproducibility and reduced synthesis times
significantly.”® Industrial-scale LTA zeolite membranes have
been produced on tubular supports to large units with
capacities for dehydration of 15,000—50,000 tons of solvent
per year.”” To demonstrate application potential of as-
developed zeolite coatings in this work, the zeolite coating
on a stainless-steel pellet (Figure 7b) developed in this work
underwent testing for ethanol pervaporation, using an
ethanol—water mixture (10 wt % water/90 wt % ethanol) as
a feed. Results revealed a high permeation flux of 1603 kg m™
h™" (Figure 8c) but a low selectivity (a = 1.19). This outcome
is due to defects within the zeolite membrane since large pores
exist in the stainless-steel substrate (Figure 7a). To address this
challenge, an intermediate carbon layer was introduced onto
the stainless-steel substrate prior to the electrochemical
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deposition of zeolite. The carbon barrier layer was created
by impregnating the stainless-steel substrate with a polymer/
carbon nanotube slurry (polymer: P84-polyimide (18 wt %);
carbon nanotube (1 wt %); solvent: 1-Methyl-2-pyrrolidinone
(81 wt %)), followed by pyrolysis at 600 °C (see Section S1.6
for details). The resulting carbon layer (Figure 8a) covered the
substrate uniformly, albeit with some cracks. Subsequent
electrochemical growth of zeolite on the carbon-coated
stainless-steel substrate revealed LTA zeolite formation, filling
the valleys of these cracks (Figure 8b). Ethanol/water
pervaporation tests indicated that the sole carbon layer
reduced the flux and failed to achieve high selectivity (i.e.,
96.4 kg m2h™ a=15, Figure 8c). In contrast, membranes
with zeolite coatings on the carbon-coated stainless-steel
substrate significantly enhanced pervaporation performance,
yielding high selectivity (a > 15000) with varying flux between
2.7 kg m™> h™". Changing the pervaporation temperature
showed an increase in the pervaporation flux as the
temperature was increased (Figure 8d). A large change in
the flux from 2.7 to 5.8 kg m™ h™' is observed when the
temperature is increased from 348 to 363 K accompanied by a
reduction in the separation factor from >15000 to 12800.
Higher temperatures would result in reduced water adsorption
along with increased diffusion hindering the selectivity of the
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membrane. This pervaporation performance is comparable to
previously reported results under similar conditions, as
outlined in Table S2. Further, reproducibility is a crucial
criterion for a fabrication method. Two other membranes with
the same fabrication method were prepared. Similar fluxes and
separation factors (>10000) were observed for both mem-
branes (Figure S12).

In summary, zeolite coatings were synthesized by using an
electrochemical deposition method. By controlling applied
current, deposition time, and temperature, zeolites with varying
morphologies and crystalline phases were obtained. The crystal
polymorphism influenced by increased current progresses from
amorphous to crystalline and low- to high-density zeolite
frameworks, similar to the effects observed with elevated
temperature or prolonged synthesis time. The coating
thickness, however, does not exhibit a clear dependence on
the current, a phenomenon likely stemming from the
increasing heterogeneity of the electric field. This hetero-
geneity promotes lateral growth, transitioning from areas of
surface coverage to adjacent empty regions. This self-regulating
behavior deviates from the Oswald ripening and results in
zeolite coatings with consistent thickness across the substrate
surface.

The mechanism of electrochemical deposition of zeolite
coatings was proposed, which involves the formation of
Ti(OH) species on the cathode, electrolysis of water to
produce OH™ ions, enrichment of positively charged Na* ions,
and subsequent heterogeneous nucleation and growth of
zeolite. In situ sampling studies provided evidence for the
supporting proposed mechanism and confirmed the accel-
erated zeolite crystallization kinetics under the applied electric
field. Electrochemical deposition of zeolite coatings was
extended to a porous stainless-steel substrate, enhancing
surface hydrophilicity and demonstrating eflicient oil/water
separation. The electrochemical deposition selectively occurs
in the crack regions of carbon-coated porous stainless-steel
substrates, forming a composite membrane with high ethanol/
water pervaporation performance. The work represents the
first report of electrochemically controlled polymorphism in
zeolite synthesis for developing coatings and can be applied
broadly to diverse zeolite framework types for substrates with
complex geometries.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00691.
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