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Abstract

While electrostatic stabilization between negatively charged aluminosilicate species and positively 

charged structure-directing agents is widely recognized as a key driving force in zeolite crystallization, 

the net interaction energy is often a superposition of Coulomb, steric, Van der Waals, and solvation 

contributions, which are challenging to deconvolute experimentally. Close energetic competitions and 

metastability often prioritize kinetic control over thermodynamic stability, which cannot always be 

described by classical kinetic laws. Here, taking into account the charge-rich media, we hypothesize 

that electrokinetic control (EKC) can be considered as a reactor-based adaptation for manipulating the 

crystallization of microporous materials, as was illustrated in the state-of-the-art for proteins. Various 

crystallizing zeolite systems were experimentally studied under (high-)voltage direct and alternating 

current (DC and AC) electric fields (EFs) up to 20 kV, using different reactor setups. The conceptual 

ideas of EKC effects in steering zeolites nucleation and crystallization thermodynamics and kinetics 

were tested. The potential effects of EKC over hydrothermal synthesis were assessed through product 

phase selectivity, particle size, and aluminum content. Four different setups were developed to match 

the studied EF modes (internal and external, with both uniform and non-uniform fields). The setup 

designs and EF configurations were further complicated by the need to adapt them to the harsh 

conditions of bulk hydrothermal synthesis. We believe this work offers valuable insights into the effects 

of charge interactions during intricate zeolite synthesis. While inconclusive in many series of 

experiments, this experimental work details the journey of our search for EKC across a wide range of 

conditions. Its results, supported by conceptual theories, can guide future researchers in how to select 

appropriate EF parameters, build effective reactor setups and target the right types of zeolite recipes to 

maximize the chances for manipulating zeolite nucleation and growth using EKC.
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1. Introduction
Conventional hydrothermal synthesis often lacks precise control over reaction conditions, which can 

limit phase purity and restrict the accessible range of compositions (e.g., Si/Al ratios) and zeotypes 

diversity1. This restriction can also be framework-driven. In addition to chemical modifications applied 

to conventional hydrothermal synthesis precursor preparation, reactor-based innovations have 

increasingly gained prominence2, trying to address the aforementioned lack of controls or looking to 

introduce energy in alternative ways. It is often assumed that the primary barriers to zeolite formation 

are of kinetic nature, since all zeolite frameworks are energetically favorable and metastable with 

respect to the most thermodynamically stable siliceous phase - quartz3. The formation enthalpy of 

hydrated zeolites is favorable, which compensates for their unfavorable metastability relative to quartz. 

However, the formation entropy of hydrated zeolites is unfavorable. The combined negative enthalpy 

and negative entropy cause the Gibbs free energy to vary even less between different frameworks3.

ElectroKinetic Control (EKC) of crystallization is primarily considered as a kinetic process, as it 

involves the (temporal) manipulation of charged species dynamics (i.e., motion) under an applied 

electric field (EF). However, electrokinetic effects can also influence the thermodynamics of nucleation 

through supersaturation and modify the interfacial energies of crystals during growth4. EKC has been 

previously explored in protein crystallization4–13, with increasingly refined theories describing its 

thermodynamic and kinetic effects on nucleation and growth. Initially, the theory was applied to 

nucleation in uniform vapor-liquid systems (e.g., water condensation )14, these approaches have been 

expanded to non-uniform liquid–solid systems4,15–17. Moreover, charge transport under EF, particularly 

through (di-)electrophoretic forces, has also been investigated in the context of phase separation-

induced crystallization18. Theoretically, an external (meaning non-contacted with the media) EF can 

influence the thermodynamic properties of a system, such as chemical potential, Gibbs free energy, and 

Helmholtz energy, introducing additional parameters for control4. The change in chemical potential 

between the solid and liquid phases depends on the difference in their dielectric permittivity, which can 

either lower or raise the nucleation energy barrier, thereby modulating the nucleation rate4,19. In this 

context, both direct current (DC) and alternating current (AC) high-voltage EFs can be employed to 

alter the dielectric environment of the nucleating phase. The extent of nucleation enhancement is 

governed by the field strength, frequency (in the case of AC), and the intrinsic electrical properties of 

both the solvent and the crystallizing species4,16. Internal EF is where the electrodes are in direct contact 

with the medium, which can thus also include electrochemistry. Although EKCs are often categorized 

separately from electrochemistry, they can encompass electrochemical phenomena through 

mechanisms, such as charged particle migration, triggering local supersaturation, and perturbation of 

the electrical double layer (EDL), especially when the potential-current window is confined to 

capacitive regions, limiting Faradaic reactions6,9. Mainly, the EKC effects on crystallization include 

reduction/enhancement of nucleation rate, spatial control over nucleation sites, crystal size control, 

Page 2 of 33Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
4/

20
26

 1
2:

08
:5

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT01004K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt01004k


3

decrease/increase of yield, crystal orientation control, quality of crystals (e.g., by reducing defects 

through increased step’s free energy on crystal facets4) and control over polymorphism4,7–9,13.

To this date, in the field of microporous materials, EFs have been applied in zeolite bulk crystallization 

(our own work)20–23, film deposition24–27, and post-synthesis treatment28,29. There are also multiple 

examples of utilizing EFs of different nature in MOF synthesis30,31; however, we would refer the reader 

to a comprehensive review on this subject since this class of materials is out of scope here32. Except for 

the post-synthesis treatment, where the EF is applied directly to pre-made zeolite powders, these 

applications have primarily involved internal EFs with clear electrochemistry, either during bulk 

crystallization20–22, at the electrode/substrate interface25–27, or during the deposition of as-synthesized 

zeolite films33–36. There is also a recent review on the film deposition of zeolitic materials (including 

zeolites and MOFs) and their applications in electrochemical energy conversion and storage37. High-

voltage EF (up to 8 × 105 V/m)28,29 has been explored as a pre-activation step to modify the gas 

adsorption and separation behavior of zeolites. The flexibility38 of T-O bonds, T-O-T angles, and extra-

framework cations was thought to make them susceptible to vibration and displacement under high-

strength EFs, which could therefore modulate the crystal structure by altering accessibility and 

porosity39. On the other hand, as-synthesized zeolite film deposition leverages the intrinsically charged 

nature of the crystals that arises from surface silanol groups, alumina sites, and related defects, driving 

particles toward the deposition electrode or substrate. The configuration of the deposition setup, EF 

strength and electrode arrangement governs the interactions and movements of charges and charged 

particles (i.e., electrostatic interactions, such as Coulombic forces, (di-)electrophoresis and dipole-

dipole interactions), which represent the dominant electrokinetic influences in this context40. In the case 

of in situ crystallization, whether occurring in the bulk material or at the electrode/substrate interface, 

electrochemical reactions play a significant role. Nevertheless, during film deposition on a substrate, 

the transport and diffusion of reactants, along with the resulting increase in local supersaturation, can 

still be the dominant driving forces. In the case of bulk synthesis, our group developed an in situ 

electrochemical cell for dedicated synthesis of zeotypes in bulk solution22. Potentiostatic anodic 

dissolution enables the controlled, timed addition of metals, effectively overcoming the limitations 

associated with conventional heteroatom precursors, particularly during nucleation, and enhancing 

element incorporation efficiency. Recently, another research group applied microplasma 

electrochemistry for zeolite bulk synthesis23. However, in this specific case, the role of electrochemistry 

remains somewhat ambiguous, as the primary influence appears to stem from hydroxyl radicals 

generated by the microplasma itself. These radicals seem to accelerate crystallization and modulate 

crystal properties41.

In this paper, we explain some of the limitations in bulk zeolite synthesis and test our hypotheses for 

addressing these by applying EF over a range of hydrothermal bulk syntheses. By applying EFs of 

significant magnitude, we would expect that the non-classic kinetics for different phases (topology) and 
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stages, or even Al density, can be changed to different degrees, thus impacting zeolite synthesis 

selectivity. In general, we will probe the existence of EKC in zeolite synthesis and hypothesize 3 

different modes of kinetic disturbance: i. introduced non-random, additional mobility of charged species 

in bulk; ii. the influence on critical events of zeolite crystallization (mainly impacting nucleation); and, 

iii. high-field strengths disturbing Coulomb interactions (e.g., shielding, EDL). In this regard, we 

present our trials on high-voltage ex- and internal EFs (also under a wide range of frequencies) for 

probing our rationales. The use of (high-)voltage external/internal EF has never been explored to assess 

the nucleation and crystallization of zeolites in bulk. Several reactor configurations have been 

developed for applying these fields, with their respective challenges and limitations also being 

addressed. Different zeolite synthesis systems are selected to estimate the impact of EFs on diverse 

types of synthesis and crystallization mixtures and different topologies (phases). The possible 

influences of EFs were investigated through material properties as witnessed in PXRD (phase), ICP-

AES (elemental composition) and SEM analysis (morphology, size). Finally, we conclude on the 

effectiveness and feasibility of EF effects on zeolite crystallization, based on our findings, initial 

hypotheses and literature and provide directions to guide future researchers.
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2. Experimental section
2.1. Synthesis of zeolites and EKC

The synthesis recipes were adapted from references42–52 listed in Table S1 and provided in the SI. After 

preparing the synthesis mixture, it was evenly divided into portions for Batch, 0V=silent (if applicable), 

and EKC conditions (xVPP where x is the voltage). So, a Batch means the vial/vessel with no electrode, 

0V(silent) means the vessels with electrodes inside without an applied EF, and EKC means the synthesis 

with applied EF over the electrodes, while a Conventional batch means the Teflon-lined stainless steel 

autoclave. Once the oil bath reached the target temperature (monitored via a thermocouple placed inside 

the oil, or in a batch) the reactors were immersed and maintained at that temperature for a specified 

duration. Upon completion of the synthesis, the reactors were quenched in a water bath at room 

temperature for 15 min then the mixtures were centrifuged at 6700–11000 rpm for an appropriate time. 

The supernatant was discarded (if not subjected to elemental analysis), and the remaining solid was 

resuspended in deionized water, shaken, and centrifuged. This washing process was repeated at least 

three times until the pH of the discarded liquid dropped below 9. Finally, the solid product was dried at 

60 ℃ for 24 hours.

For the wide frequencies screening, a “characteristic frequency” value was selected from the 

calculations based on LCR-meter measurements by the following formula:

𝑓𝑐ℎ𝑎𝑟 =
𝜔𝑐ℎ𝑎𝑟

2𝜋 =
1

2𝜋 𝐿 × 𝐶

Where L – inductance and C – capacitance of the media. Theoretically, a closed LC(R) circuit 

(containing an inductor, a capacitor and a resistor) forms a harmonic oscillator, which has the ability to 

resonate depending on its impedance with a characteristic frequency. Commonly, the values of L and 

C were measured from the prepared liquid precursors mixture, right before the synthesis protocol (i.e., 

heating of initial gel) was initiated. Besides the EAB precursor mixture (2 separate measurements), 

CHA and MFI prepared solutions (Conditions – Table S1, Entry 9 and 10) were tested, which gave 902 

and 844 Hz, respectively. 

2.2. Characterization techniques

The structure phase and crystallinity of materials were examined with powder X-ray diffraction (PXRD) 

using a high-throughput STOE STADI P Combi diffractometer in transmission mode equipped with 

Ge(111) monochromatic X-ray inlet beams (λ = 1.5406 Å, Cu Kα source). The scanning time for the 

powder of each sample was 10 min. The elemental analysis, inductively coupled plasma-atomic 

emission spectrometry (ICP-AES), was conducted on a PerkinElmer Optima 3300 DV machine with 

signals for Si, Al and Co at 251.6, 238.2 and 228.6 nm, respectively. Before the analysis, the samples 

were dissolved in HF. In this respect, 10 mg of samples, 0.24 ml of aqua regia (3:1 volumetric mixture 

of HCl (37 %) and HNO3 (65 %)) and 0.42 ml of HF (40 %) were poured respectively into a 20 ml 
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polypropylene bottle. After 3 h of dissolution, 5 ml of a 30 g.l-1 solution of boric acid was added to 

neutralize the mixture, followed by increasing the volume to 20 ml using deionized water. Finally, for 

measurement, the samples were diluted with 0.42 M of HNO3 solution by a factor of 20. Caution: 

Handling concentrated HF solutions requires strict safety measures and should only be undertaken by 

trained personnel. The structure of samples was investigated by scanning electron microscopy (SEM) 

on a Jeol JSM-6010LV microscope at an acceleration voltage of 5-20 kV. A thin layer of the samples' 

powder was stuck on a piece of carbon tape, on which an electron-conducting Pd/Au (60/40 ratio) film 

was deposited.

3. Results and discussion

3.1. Hypothetical control over zeolite crystallization by electrokinetic means: 

myth or reality?

A zeolite crystallization process is governed by complex kinetic barriers and thermodynamic driving 

forces3. Achieving the desired zeolite phases often relies on trial and error rather than on a fully 

controllable host-guest synthesis process, particularly when using organic structure-directing agents 

(OSDAs) with poorly understood transient inorganic-organic interactions. A specific topology defined 

by its T-atom distribution and composition may be energetically less favorable (metastable outcome A, 

Figure 1A), yet it can still form when the energy barrier to a more stable phase is sufficiently high 

(metastable outcome B, Figure 1A). As such, it is possible to isolate desired metastable phases by 

suppressing the subsequent formation of more thermodynamically favorable structures. This enables 

access to novel (meta)stable phases in terms of both composition, such as heteroatom content and 

zeotype identity, and framework structure.
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Figure 1. A) Reaction coordinate diagram of zeolite synthesis with competing kinetic metastable outcomes. 
Thermodynamic outcomes are not frequent in Al- & OSDA-containing OH- syntheses, nor is classic kinetic 

control. A complex interplay of factors impacts kinetics; B) Myriad of charged entities in the starting synthesis 
mixture; many of these cations are not naked but surrounded by a hydration sphere. C) Charged species in the 
pre-ordered stage of synthesis; D) Interaction of charged pre-zeolite agglomerations and (proto)crystals in the 

pre-ordered and ordered stages of synthesis; E) Supersaturation and soluble zones in the crystallization process.

Kinetic outcomes in zeolite synthesis cannot be fully explained by classical kinetic parameters, such as 

temperature (via Arrhenius dependence) or reagent concentration and orders, despite their influence on 

reaction rates. This lack of control is due to the interplay between different stages (pre-ordered, ordered, 

nucleation, growth and consumption) of different competing phases and/or T-atom outcomes 

(distribution, content), on top of liquid-solid influences, all with different rate-determining steps and 

simultaneous occurrence. Thus, additional factors, beyond these classic kinetic parameters, play a 

dominant role in determining barriers during zeolite synthesis, particularly those arising from the poorly 

understood interactions within the “black box” of crystallization. These interactions can be divided into: 

1) Coulomb electrostatic interactions between myriad charges in synthetic media (Figure 1B, Inorganic 

cations (e.g, (in)organic structure directing agents, (in)OSDA, anionic counter ions, silica and alumina 

monomers); 2) Species interactions from pre-ordered to ordered stages such as oligomers, building 

units, nanoparts and crystals (Figure 1C and D); 3) Local concentration gradients and supersaturation, 

which is linked with solubility, mobility, consumption and sedimentation of species impacting 

nucleation and growth (Figure 1E).

The role of charge interactions even between, for example, OSDAs+ with many other charged species, 

such as OH-, H3SiO4
- and (extra)framework H3AlO4

- species, M+, on the crystallization kinetics and 
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thus zeolite product outcomes is largely unknown. Our goal is to employ EF as a reactor-based 

modification to conventional zeolite synthesis, aiming to manipulate all these mentioned interactions. 

The role of EKC over zeolite crystallization was analyzed, particularly in terms of its expected impact 

on crystallization behavior. The effects can be attributed to changes in nucleation, leading to phase 

selectivity and particle size variation. Also, charge movement and manipulation of Coulomb 

interactions among different species can result in changes in heteroatom distribution, phase selectivity, 

and local supersaturation induction. A wide range of synthesis conditions (both dilute and 

concentrated), including interzeolite conversion (IZC)53 and charge density mismatch (CDM)54, were 

chosen to investigate the effects of EKC on crystallization. It is particularly fascinating how these two 

synthesis approaches have emerged as unconventional strategies in zeolite synthesis over the past two 

decades, enabling manipulation of key interactions during the crystallization process. Starting with a 

crystalline framework as the T-atom source (silica, alumina, and/or heteroatoms), IZC enables 

adjustment of the local charge ratio (charge of dissolved aluminosilicates), while maintaining a constant 

overall concentration. The distinctive behavior of a parent crystalline zeolite dissolution is governed by 

framework type, composition, and the nature and concentration of other ingredients, which offers a tool 

to control the charge density of the resulting dissolved nanoparticles versus (in)OSDA and introduce 

localized supersaturation zones53. On the other hand, CDM leverages different charge densities of 

polymerized aluminosilicate species (also for heteroatom-containing aluminophosphate)55, to induce 

the nucleation of specific frameworks, depending on OH-, AlO2
- and OSDAs concentrations48,54,56.

3.2. Technical reactor configurations and EF modes

One of the key challenges in EKC-based zeolite synthesis lies in designing a reactor that can withstand 

the extreme hydrothermal conditions, which significantly constrain feasible configurations by high 

temperature, medium pressures, alkalinity, presence of fluorine anions, etc. Moreover, applying a high-

voltage EF to a Teflon-lined stainless steel autoclave not only raises significant safety concerns due to 

the electrical hazards, but also increases sealing challenges. A short circuit caused by inadequate 

electrical insulation at the electrode terminals can neutralize the applied EF, undermining the process 

or causing electrocution. In this scope, and based on our previous experience with designing a reactor 

for Electro-Assisted zeolite Synthesis, we rely on selective trial and error and the occasional short-

circuiting of the lab22. The final version of the anodic dissolution reactor features a custom Teflon-made 

head space, which insulates the whole system. We have used this reactor and other designs in this study.

Here, we classify on the basis of internal/external, AC/DC, and also nonuniform/uniform fields, with 

different design limitations and safety concerns. An internal EF configuration inherently produces 

nonuniform fields, particularly with rod-like electrodes, while plate-like electrodes often fail to generate 

a uniform field across the entire bulk volume of the synthesis mixture57,58. Installing an external EF over 

a conventional reactor is even more critical, as inserting the plate electrodes within or outside the reactor 
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walls is impractical. This constraint often necessitates the use of a cubic reactor design. Applying an 

internal EF, where electrodes are in direct contact with the solution on the other hand allows for water 

electrolysis to occur, generating hydrogen and oxygen gases, which increases pressures, alters reaction 

conditions (Faradaic vs capacitive) and concentrations.22. Internal EF demands precise control of 

voltage and current within a narrow operational window, making this mode suitable for AC field 

studies9 (and preferably in the high-frequency range).

Different modes and configurations of the system used for EKC over bulk zeolite synthesis are 

illustrated in Figure 2. The low-voltage DC and AC fields were applied using a waveform generator 

(GW Instek MFG-2230), which could be ancillary followed by a linear amplifier (FLC Electronic AB; 

for DC, the output frequency was 1 𝜇𝐻𝑧 so that each half-cycle takes 5.8 days). On its own, the 

waveform generator is capable of producing EFs with voltages up to ±20 VPP at frequencies as high as 

30 MHz (depending on the model used), when connected to an amplifier (with two equivalent channels), 

the output voltage can be increased to 800 VPP (amplified times 40, and up to 1600 VPP with the 

combination of both channels), while the frequency is reduced to approximately 200 kHz (Figure 2, 

note that this voltage-frequency dependency is non-linear, e.g., at low voltages the maximum frequency 

is much higher, Figure S1). For increasing the voltage capacity even further, high-voltage DC EFs were 

applied via a separate power supply (Fug HCP14), operating at up to 20 kV with a current limited to 

0.6 mA (Figure 2B).

Initially, as the “Type 1” synthesis vessels, we used 40 ml polypropylene bottles, which were manually 

equipped with internal stainless steel plate-like electrodes (2 cm × 4 cm, 0.125 mm thickness, 

RECORD), spaced 1 cm apart, to apply both AC and DC EFs up to 1600 VPP (Figure 2C). However, 

due to the water splitting reaction appearing in the system (especially during high-voltage DC 

experiments), the setup had to be modified to eliminate the physical contact between the electrodes and 

synthesis solution. For this, another combination of PTFE-coated copper wires (i.e., without contact 

with the reaction media) installed inside of 7 ml glass bottles and spaced 0.5 cm apart, was explored for 

the application of DC EF – “Type 2” (Figure 2D). This EF configuration is essentially considered 

external because the electrodes are not in direct contact with the mixture. Finally, to allow for higher 

chances of uniform EFs throughout the entire solution volume, we utilized in-house-produced circular 

glass reactors and quartz-made macro cuvettes (“Type 3” – Figure 2E,  and “Type 4” – Figure 2F). 

These setups allowed us to investigate the effects of varying solution volumes, glass wall thicknesses, 

and electrode spacing (which influences EF strength). The configurations enabled the application of 

voltages up to 20 kV in the circular reactor and up to 13 kV in the cubic cuvette.

Nevertheless, even with PTFE-coated wire electrodes, the high-voltage power supply enabled the 

voltage to be increased to 3 kV. Beyond this voltage, a short circuit occurred at the electrode tips due 

to sparking during test reactions, as shown in Movie 1 (SI). To prevent the risk of glass reactor 
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explosion, low-temperature synthesis conditions (below 100 °C) were carefully selected, with all the 

reactors immersed in an (electrically insulating) oil bath (Figure 2G), while the stirring function is 

excluded (OHAU Guardian 5000 hotplate) in this design to minimize possible effects of magnetic 

fields. This interference has been observed in other crystallization systems under high-voltage EFs18. 

We also observed that spark discharges at high applied voltages (electromagnetic pulse, Movie 2 in SI) 

lead to the failure or temporary shutdown of the digital stirring plate. The photos and specifications of 

reactors are provided in Figure S2 and Table S2.

Figure 2. Reaction setups for EKC over zeolite synthesis: A) Waveform generator for AC/DC field up to ±
20VPP followed by a configuration with the linear amplifier, increasing voltage up to × 80. B) High-voltage DC 

field power supply. C) Internal EF configuration reactor between plates (Type 1). D)  PTFE-coated wires 
producing non-uniform EF (Type 2, in the liquid, but non-contact, so external). External EF configuration 

reactors (with d the thickness of the non-electrode wall): E) circular glass bottles (Type 3) and F) quartz cuvette 
(Type 4). G) Hot oil bath for immersion of synthesis reactors.

In addition to reactor design, selecting an appropriate synthesis system is essential for investigating the 

effects of EKC on crystallization. A diverse range of synthesis conditions was explored, including 

highly dilute and concentrated systems, IZC, CDM, and variations in the presence or absence of 

(in)OSDAs. Alongside, temperature is a key variable. Table S1 provides a summary of all the synthesis 

systems studied in relation to EKC over crystallization. The use of glass reactors introduces an 
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additional variable due to the corrosive nature of the zeolite synthesis mixture, as it restricts the 

maximum alkalinity that can be employed in the system (Figure S20).

3.3. Alternating current EF case studies

For AC EFs, immersed plate electrodes in polypropylene bottles (Type 1, Figure 2C) were used. Since 

we know that the potential of the water splitting reaction is E0=-1.23 V (Figure S3), any applied voltage 

difference beyond that (given a certain minor overpotential) should arouse an electrochemical reaction, 

possibly causing changes in pH and a pressure rise (and additional local heating effects). On the other 

hand, AC EFs have the advantage that electrode reactions can be eliminated or minimized depending 

on the frequency (and thus swiftly changing bias), avoiding pH and composition changes in the 

solution59. Therefore, for the great majority of synthesis trials in this part, we have used both increased 

voltages and rather high frequencies.

For this investigation, we favored an EAB synthesis recipe, which is in competition with FAU. EAB  

also shares structural similarities with the ERI topology (also sometimes noticeable in provided PXRD 

patterns at 7.8 and 13.4 2θ degrees), and where the formation of phases is simultaneous and competitive. 

One of the used ingredients, tetramethylammonium hydroxide (TMAOH), is famous for being a non-

specific directing agent for approximately 70 zeolite frameworks. Such a system could be suitable for 

investigating EKC-influences on phase direction, since we seek systems with strong rivalry between 

metastable phases (Conditions – Table S1, Entry 1).

The first attempts were run at low voltage. It is inspiring to note that only with an EF applied, the EAB-

phase was noticed (Figure S4). Nevertheless, the dependence of the frequency was slightly obscured at 

10 VPP. Consequently, a screening of a wide range of frequencies was introduced for an increased 20 

VPP bias (Figure S5). Unfortunately, since (relatively) low-voltage was used, differences were not as 

conclusive as they were hoped to be. What was noticed is: 1) phase outcome has a complicated 

frequency dependency response – while all samples indeed show the appearance of the EAB phase 

(with only one outlier at 250 Hz), materials synthesized with frequencies in the range of 500 to 40,000 

Hz, and 250 to 500 kHz had a higher yield of EAB-phase, but still, its appearance is considerably small 

(as will be shown later). 2) competitiveness of the silent synthesis – each of the experiment series has 

been carried out with a silent comparison sample, and the PXRD pattern of that sample sometimes 

shows a pure FAU-phase or, unfortunately, more often, a mixture of EAB and FAU-phases (Figure S6). 

Those findings highlight the fact of the possible non-ideality of the chosen system and the necessity of 

the usage of higher potentials. Non-ideality could derive from temperature or concentrations of 

gradients not related to EKC, and starting gel preparation (while maintained as consistent as possible, 

still could slightly differ), poor mixing or accidental seeding.

Moreover, Figure S7 shows two pairs of high-voltage EF syntheses at varied frequencies, which were 

performed to check the reproducibility of the procedure. It is essential to underline that, at first, in both 
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pairs, PXRD patterns are not as different as it is suggested from the graph: normalization of PXRD 

patterns is an open question because it can depend on two factors: a diffraction intensity or the baseline. 

The intensity was chosen in these figures since, overall the pairs synthesized in identical conditions 

show very similar values. For instance, in Figure S7, PXRD patterns of the mixed product outcome 

resemble each other closely, with an obvious EAB prevalence in the 20 kHz example (orange and red). 

However, the 5 kHz example is less straightforward; the two patterns show moderate intensity 

differences, with EAB/FAU reflections ratio of 100/60 vs. 80/100 for blue vs. green, respectively (with 

intensities at 6.3 and 9.6 2θ for FAU and EAB, respectively, normalized to 100). This does indicate 

some variability in the relative phase proportions between the two runs. Yet, regardless of the 

quantitative variation, the clear presence of EAB phase in both patterns suggests a prominent EKC 

effect. In the following trials with high-voltage (i.e., 1000 VPP), the yield of EAB-phase was much 

higher than before, and pure EAB-zeolite was formed for the low-frequency sample (500 Hz). It is 

remarkable for these syntheses that both parameters (i.e., VPP and Hz) seemed to play an essential role 

in the formation of the appropriate zeolite phase. 

With the desire of bringing these trials even further, a wide screening of voltage/frequency (0 – 800 

VPP; 50 µHz – 30 MHz) combinations was conducted in sealed polypropylene bottles with immersed 

stainless steel electrodes (Type 1). Since the amplifier had two channels, only two parallel voltage-

assisted reactions were executed along with comparative silent samples. Eventually, in order to have a 

set of 4 tests managed by voltage control (i.e., 200, 400 and 600, 800 VPP), 2 series of experiments were 

operated, producing 2 outcomes for a blank sample, lowering a possible error of the reference (Figure 

S8-S14, dashed and solid lines for “NoE”). Lastly, here and further, it is crucial to emphasize that the 

delivered voltage value by the amplifier could differ drastically versus the set one due to its frequency 

response (see Figure S1); therefore, the conclusion should be drawn more carefully if the frequency 

value exceeds 100 kHz.

Unfortunately, several tests at micro-hertz frequency, i.e., 50 µHz (all along the 72 hours of synthesis, 

polarity changes every ~2.8 hours), resulted in overdried gels, probably due to excessive evaporation 

along with the water splitting reaction. Therefore, in order to achieve more reliable results, the lowest 

tested frequency in further experiments was set at 50 mHz. In another low-frequency trial, we attempted 

to cover some theoretical approximations, seeking the best EF-driven influence on the bulk synthesis. 

Accordingly, the “characteristic frequency” of the parent solution was estimated to be around 787.6 Hz 

(See methods section), and was used along in the screening. Nevertheless, the used frequency did not 

showcase a vital effect on the zeolite crystallization, since all samples (Figure S8) possess a mixture of 

both phases (as do a great majority of the blank runs) with very similar Si/Al ratios around 3.4. The 

high-voltage experiment has been repeated twice, resulting in two diametrically opposite patterns, 

which suggests that the observed effects are not consistent.
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Furthermore, the frequencies were increased even more, and these tests suggest that all of the EF-made 

samples did exhibit a similar pattern with EAB phase prevailing and Si/Al ratios lowered towards 3.0. 

While the best selectivity was reached for 50 (Figure S11) and 100 kHz (Figure S12) high-voltage 

experiments, tests at 30 MHz frequency (Figure S14) behaved rather unusually with much lower 

crystallinity and increased formation of FAU. 

Finally, Figure 3 pictures the whole list of scanned frequencies for 800 VPP voltage. A complex motif 

can be noticed with two EAB phase-selective regions: at low- (0.05 – 787.6 Hz) and high-magnitude 

(0.04 – 1 MHz) frequencies. We tend to attribute the outcome synthesized at the highest frequency – 30 

MHz – to a generator error/threshold of amplifier capability (the ability to scale up a signal is frequency-

dependent, i.e., the voltage has a limit at higher frequencies, Figure S1). Therefore, we anticipate that 

there is a middle range in the frequency values, which does not assist in conditions to selectively yield 

the EAB phase. The estimation of the calculated characteristic frequency, which is designed to shake 

the system out of existing equilibria, has been (to a certain extent and with doubt) correct since the 

(almost) pure-phase EAB zeolites were synthesized in this frequency zones – a result opposite to the 

majority of the silent system results yielding FAU. 

ICP analysis was performed for most of the EAB/FAU samples (right column). Results for that series 

were rather inconclusive, and thus we have only a theoretical suggestion: in case of a mixture of two 

zeolites, their precise phase composition (wt% EAB vs total, e.g.) could not be easily established. 

However, as the EAB zeolite has generally a slightly higher Si/Al ratio, mixtures with dominant EAB 

phase are supposed to be (a bit) more silicon-rich. This way, some of the samples with the more 

dominant EAB phase as seen in PXRD measurements were indeed found to have higher Si/Al ratios.
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Figure 3. The overview of the wide-range frequency influence screening for the competitive EAB/FAU 
transformation system at the fixed 800 VPP voltage. EAB and FAU model diffractogram simulations are found 

on the top, the most intense reflections are referenced with dashed lines of a corresponding color. For 50; 787.6; 
1,200; 10,000; 25,000; 40,000 and 50,000 Hz, two repetitions of the syntheses were conducted, the results were 

analyzed by ICP separately.

Finding EKC by AC EF in bulk zeolite synthesis could also bring a sparkle of hope for a better 

understanding of zeolite crystallization during the nucleation stage14,16. Unfortunately, scientific 

literature on the nucleation step or on the initiating stages of crystal growth processes for even the most 

common zeolites is very scarce60. Difficulties in zeolite framework formation studies arise from the 

often highly inhomogeneous nature of the gel or synthesis mixture multiplied by the countless number 

of independent parameters one can vary. New insights about the very early stage events in zeolite 

crystallization are highly desired61.

As some of the phase-selective experiments were conducted in the competitive EAB/FAU system, 

therefore, we expected that some of the changes in phase selectivity originate from an EKC-influenced 

nucleation stage. While the approach of having an investigation on nucleation of simultaneously 

growing zeolite phases is arguable from a classical point of view, we underline the great importance of 

nucleation as a crystallization event by demonstrating its ability to direct a synthesis outcome (in terms 

of phase produced). For exploring that point, a modified series of experiments was performed with 
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partial EF assistance, in contrast to the above EF-assisted experiments, where the procedure was run for 

three uninterrupted days with voltages on (or off for silent samples). The first stage of this investigation, 

consisted of five samples: a blank sample without electricity; while four residual samples have had 400 

VPP at 50 kHz: during the first 24 hours (from the total of 72 hours); the second 24 hours; the third 24 

hours; and the entire 72 hours of the experiment (see the legend on the right of each diffractogram in 

Figure 4A). In this way, the first 24 h period should be essential for the nucleation stage, e.g., for both 

‘1st 24h 400 VPP’  and ‘full 72h 400 VPP’ experiments.

For samples that were conducted with EF on during the first 24 hours, the formation of FAU zeolite 

was overruled by a pure EAB-phase. For the others, the formation of the FAU phase was still noticeable. 

Given a classic S-curve in crystallization and the short time of these syntheses, the nucleation phase 

likely falls in day 1. The distinction in the results of silent control syntheses from all others conducted 

with electricity is remarkable, and this could mean that with the applied high-voltage EF, we are indeed 

changing nucleation kinetics.

A series of additional experiments was done for forming a more complete understanding of the 

EAB/FAU mixture nucleation under an applied internal EF. This time, higher voltages, different times 

and frequencies were used: 800 VPP with 50 kHz or 50 mHz was applied for 6, 24, or 48 hours from the 

beginning of the 72-hour experiment (Figure 4B and C). It needs to be mentioned that for every paired 

experiment in the series, each own mother solution was prepared (always with the same procedure), 

which is why we may have an artifact (an outlier) for the 48-hour electric synthesis, as it gives a higher 

than expected yield of the FAU phase. For the others, in both cases, the most intense reflections of FAU 

are found for the synthesis without electricity. Nevertheless, when applying the EF, the selectivity 

towards EAB rises. Notably, the pure phase EAB was synthesized in the 6-hour experiment (1st 6 h 800 

VPP), and the yield of EAB decreased with the prolongation of applied electricity time. This finding 

indicates that constantly applied EFs could cause divergent effects on bulk zeolite synthesis, which 

could overtake each other, adding an extra level of complexity, as has been seen in the previous 

experiments. In addition, SEM analysis of 6 and 72-hour samples (800 VPP with 50 mHz) was 

performed (Figure 4D), and smaller crystals were found for a shorter time of influence, suggesting a 

superior amount of initial crystallization sites (and thus impacted nucleation). Therefore, the 

rearrangement and pre-nucleation ordering, which happens in the first few hours of the experiment, is 

likely the most significant for the future phase selectivity and the most likely to feel EKC influences. 

In the end, comparing those experiments by their difference in the frequencies of the EF (Figure 3), we 

suggest that, for the high-frequency system, the formation of the FAU phase was rather more 

suppressed.
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Figure 4. PXRD patterns of the nucleation study: A) three separately tested different days of applying internal 
EF of 400 VPP, 50 kHz frequency with silent (0h, darkest, no E) and full 3 days (72h, red) of EF references. 

Internal EF of 800 VPP with B) 50 kHz and C) 50 mHz frequency applied in initial stage of the synthesis for 6, 
24 and 48h with silent (0h, darkest) and full 3 days (72h, red) of EF references. D) SEM pictures of the zeolite 

synthesized in C) with 6 (Left) and 72 (Right) hours of EF, both pictures were taken in the following conditions: 
SEI mode, 15 kV accelerating voltage, working distance of 10 mm, Spot Size 40, x5000 magnification; the scale 

bar corresponds to 5 µm.

In conclusion, the influence of a strong EF on bulk zeolite crystallization was found to have a more 

pronounced effect on the phase selectivity in the competitive system of EAB/FAU (vs low voltages), 

but still seemingly hard to understand (or reproduce). Nevertheless, these results, especially the 

manipulation of nucleation kinetics, seem to be the first demonstration that it is possible to control the 

phase-selectivity of zeolite synthesis with high-voltage EF and that the impact of EKC is most likely 

found in the first stages of crystallization. It opens prospects for many exciting directions for future 

investigations since such effects have never been described. 

3.4. Direct Current EF case studies

EKC investigations were continued with the competitive EAB/FAU syntheses. Here, syntheses were 

conducted in 7 mL glass vials equipped with PTFE-coated electrodes inserted in the liquor (Type 2, 

Figure 2D). The results and discussion for these experiments are provided in the SI. Subsequent trials 

with the Type 2 reactor focused on the synthesis of FAU/LTA, where phase selectivity shifted from 

FAU to LTA upon replacing NaOH with TMAOH51, using the gel molar composition described in Table 

S1, Entry 2. In the absence of NaOH, no solid product was witnessed even after 7 days at 100 °C. 

However, when an EF of 800 VPP was applied for 4 days, an amorphous solid with traces of crystallinity 
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was obtained (Figure S17A). The observed reflections were difficult to assign to a known framework, 

and the experiment was not reproducible, even at higher EFs up to 20 kV. By increasing the NaOH/Si 

molar ratio to 0.012, FAU was successfully formed in all three conditions: Batch synthesis, 0 V, and 

with an EF of 400 VPP (Figure S17A); however, the yield under EKC was about 75% lower. When the 

NaOH/Si ratio exceeds 0.012, LTA begins to co-crystallize alongside FAU, eventually becoming the 

dominant phase at 0.06 ratio in both Batch and 0 V syntheses. Interestingly, under an applied EF of 

400 VPP, the phase selectivity shifts toward LTA at significantly lower NaOH/Si ratios. In this case, 

LTA becomes the dominant phase already at NaOH/Si ratio of 0.024 and forms a pure-phase LTA at 

ratio of 0.04 (Figure 5A). The intensity ratio of the characteristic PXRD reflections for FAU (2θ=5.9) 

and LTA (2θ=7) clearly illustrates this shift in phase selectivity toward LTA under the influence of the 

EF, compared to Batch and 0 V conditions (Figure 5B). Complete PXRD patterns for all samples are 

provided in Figure S17.

Figure 5. A) PXRD patterns of samples derived from FAU/LTA synthesis at 100 °C, with NaOH/Si ratios of 
0.024 and 0.04 after 72 h, B) Intensity ratio of PXRD characteristic reflections of FAU and LTA versus the 

amount of NaOH in the synthetic gel (Na/Si). C) Si/Al ratio of FAU/LTA samples versus the amount of NaOH 
(Na/Si) and D) PXRD patterns of samples derived from CHA syntheses after 96 h at 100 °C. The PXRD pattern 

of nanosized CHA is taken from the IZA database. A Batch means the same vial used for EKC and 0V but 
without electrodes (0V has electrodes inserted), while a ‘conventional batch’ means a Teflon-liner in a stainless 

steel autoclave.
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As the NaOH/Si molar ratio increases from 0.016 to 0.04, the Si/Al ratio in the resulting materials 

decreases, coinciding with a phase selectivity change from FAU to LTA62. This decline in Si/Al ratio 

becomes more pronounced under applied EF, deviating further from the trends observed in Batch and 

0 VPP syntheses (Figure 5C). The formation of LTA is favored at higher NaOH concentrations, where 

the increased availability of sodium facilitates aluminum incorporation into the framework. This 

observation led to our hypothesis that the local concentration of Na⁺ can be modulated by an applied 

EF, thereby influencing the kinetics of crystallization. Furthermore, due to the transparency of the 

silicon oil and glass vials, the progression of crystallization could be qualitatively monitored through 

changes in the turbidity of the reaction mixtures. Crystallization was initiated from a clear solution, 

with the onset of turbidity serving as a visual indicator of nucleation. Figures S18 and S19 present time-

resolved images of the synthesis vials for NaOH/Si ratios of 0.024 and 0.04 mol, respectively. Under 

applied 400 VPP EF, the crystallization was initiated more rapidly. After 42 hours, the solid obtained 

from the NaOH/Si ratio of 0.024 synthesis under EF was pure LTA. Extending the reaction to 72 hours 

led to the emergence of FAU as a minor phase. In contrast, at NaOH/Si ratio of 0.04, the product 

remained pure LTA even after 72 hours under EF, suggesting that FAU formation is either significantly 

delayed or entirely suppressed by the EF. 

To further explore the hypothesis (i.e., link between inorganic cation (Na+) and EF and the concomitant 

favoring of LTA), another EKC synthesis (in Type 2 reactor) was performed using a system that 

necessitates an inOSDA cation with higher valence. In this context, the crystallization of low-silica 

CHA zeolite was investigated with strontium cation (Sr²⁺), serving both as an inOSDA and as a 

crystallization accelerator50. With Sr/Si molar ratio of 0.01 (Table S1, Entry 3), after heating for 72 h at 

100 ℃, the crystallinity of the product under 800 VPP is mildly higher than Batch and 0 V (Figure 5D). 

This improvement in crystallinity might appear due to the EF affecting the local concentration of Sr2+ 

in bulk. In the original study, Sr/Si ratio of 0.01 was identified as the optimal concentration for complete 

crystallization of CHA after 24 h. Variations in synthesis time in our case could be due to differences 

in reactor configurations; however, similar synthesis in a conventional batch (Teflon-lined stainless 

steel autoclave) resulted in an amorphous phase (Figure 5D). More to that, using glass vials for CHA 

synthesis surprisingly led to wall corrosion due to the system's extreme alkalinity, introducing sites for 

heterogeneous nucleation and compromising the comparison (Figure S20A). In contrast, polypropylene 

vials (Type 1 but with PTFE-coated Cu-wire electrodes) suffered from leakage issues caused by 

material softening at high temperatures (Figure S20B), rendering the results inconclusive.
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Figure 6. (A) Hypothetical mechanism of LTA selectivity under EKC and (B) kinetics enhancement of LTA and 
FAU phase separation under EKC. TMA+ = Tetramethyl ammonium cations.

The preliminary results for the FAU/LTA system lead us to propose a mechanism for phase formation 

and selectivity under EKC conditions. Na+, having a higher charge density than tetramethylammonium 

cations (TMA+), can migrate more readily toward the negative electrode under a direct current EF, 

creating a local supersaturation that favors the formation of double four rings (d4r, a cube, see Figure 

6A) - the characteristic composite building units of the LTA framework. The formation of d4r and 

sodalite cages, only the latter are shared between both FAU and LTA topologies, likely shifts the phase 

selectivity toward LTA at the same sodium concentration, whereas batch conditions typically favor 

FAU (Figure 6A). Additionally, higher sodium concentrations promote aluminum incorporation into 

d4r units, resulting in a higher aluminum content in the LTA phase (Figure 5C). It has been observed 

that FAU crystallizes more slowly than LTA, with mixed FAU/LTA phases exhibiting intermediate 

kinetics63. EKC facilitates the separation of LTA and FAU phases and enhances the crystallization 

kinetics of LTA (Figure 6B). This mechanism is considered reliable and rational, as similar behavior 

has been observed in solid separation from mixed suspensions18. However, reproducibility of the 

experiments was again slightly problematic, particularly in the presence of internal electrodes, adding 

extra heterogeneity. The inconsistent results of the synthesis of FAU/LTA and trials for FAU/LTA 

without OSDA45, FAU/EMT43, nano-sized NaA zeolite49, Na-UZM-948 (LTA framework) and BPH47 

systems using the Type 2 reactors are provided in the SI.

To apply higher voltages and incorporate non-contact electrodes with media, aiming to minimize 

potential interference and enhance the field control, we utilized custom-made circular glass bottles and 

a quartz cuvette (Figure 2E and F, Types 3 and 4). Initially, we replicated the FAU/LTA synthesis at 

800 VPP using a 30 ml circular bottle (Type 3), where LTA was still the dominant phase at NaOH/Si 

ratio of 0.032, being consistent with previous results. However, when higher voltages were applied, 

e.g., 12 kV and 20 kV with Type 3, 30 and 8 ml circular bottles (Figure 2E), and 10 kV with Type 4 

reactor (Figure 2F), the system favored FAU formation already at NaOH/Si ratio of 0.024, contrary to 

our initial findings (Figure 7A and B). In the latter experiment (10 kV, Type 4), the Si/Al ratio was also 
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similar to that observed in batch conditions. Interestingly enough, the kinetics of this system, along with 

the heterogeneous nucleation, are strongly influenced by the shape of the reactors. This results in 

significant variations in crystallization, which are extremely time-dependent on the reactor geometry.

In the effort to elaborate on the interplay between reactor geometry and EFs on nucleation and  

selectivity of a synthesis, we also tried two more systems: nano-sized Silicalite-1 (MFI, Figure 7C) and 

an embryonic CHA (short-range order CHA crystals, Figure 7D), limiting ourselves to the quartz 

cuvette settings (Type 4). Nevertheless, the PXRD of materials crystallized in batch and EKC conditions 

were identical as well as their particle sizes (Figure S25). The Si/Al ratio was also similar for EKC and 

batch conditions in embryonic CHA zeolite. The proximity of framework Al was also assessed through 

divalent cation capacity (Co²⁺ exchange). Both CHA samples, synthesized in batch and under EKC, 

exhibited a similar Co/Al ratio of 0.23, indicating that EF shielding does not influence the Al siting 

strongly within the lattice in these conditions.

Next to unclear effects of the EF on phase selectivity and particle size, its impact on the solid yield was 

mixed and dependent on the specific zeolite system. For FAU/LTA under non-uniform EF (7 ml vials, 

Type 2, Figure 2D), the yield for EKC was generally lower than in batch and 0V conditions. Similarly, 

under uniform EF (Type 4), the EKC sample showed a reduced yield. In contrast, for MFI, there was 

no observable difference in yield between EKC and batch conditions. However, in embryonic CHA, 

EKC resulted in a higher yield compared to batch synthesis.
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Figure 7. PXRD patterns of products obtained from synthesis of FAU/LTA system in A) circular bottles (Type 
3), B) quartz cuvette (Type 4) and C) MFI and D) embryonic CHA zeolites in quartz cuvette (Type 4). FAU and 
LTA reference patterns were measured from CBV300 (zeolyst) and zeolite 4A. Silicalite-1 and CHA reference 

patterns were collected from the IZA database. The photos of the syntheses in quartz cuvettes are shown in 
Figure S24. 

3.5. Discussion

Based on our mixed results showcased for both AC and DC EFs in EKC during zeolite crystallization, 

together with the nature of zeolite synthesis and the existing literature on EKC in crystallization, we 

can wrap up with a discussion. The first thing to consider is the extent of dipole energies under an EF 

(the energy of a dipole due to orientation under an EF). Dipole energies remain small compared to 

thermal energies, as 𝜇𝐸 ≪ 𝑘𝐵𝑇  (𝜇 is dipole moment, E is electric field, 𝑘𝐵 is Boltzmann constant and 

T is the absolute temperature)73. However, EFs in the range of 40-200 kV.cm-1 have been shown to 

influence net molecular orientation and thermodynamic potentials for proteins64. Zeolite synthesis 

media are typically highly ionic due to the presence of various dissolved ions, and when an DC EF is 

applied across such a medium, electrical double layers (EDLs) form at the surfaces of the electrodes or 

the charged surface65. These EDLs shield the applied field over a characteristic distance known as the 

Debye length (Figure 8A, DC)65,66. Within the EDL, mobile ions rearrange to counterbalance the 

Page 21 of 33 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
4/

20
26

 1
2:

08
:5

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT01004K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt01004k


22

external charges induced by the field (Figure 8B). As a result, the EDLs effectively act as insulating 

layers, preventing the EF from penetrating deeply into a bulk solution. Therefore, the EF in the bulk 

solution is likely practically zero65. For instance, considering the synthesis mixture for FAU/LTA 

(Na+/Si=0.024, TMA+/Si=1.096 and OH-/Si=1.12) the theoretical Debye length (Debye–Hückel) is 2.62 

nm in the case of Na+. The applied EF is then only effective at these lengths, where it decays 

exponentially within this length according to the Poisson-Boltzmann equation15. Also, the voltage drop 

in the quartz wall (Type 4 or in the Teflon coating of wire electrodes, Type 2) is linear and inversely 

proportional to the dielectric constant of the quartz (or Teflon, Figure 8A). In contrast, the assumptions 

of the EDL theory can be less applicable at high ion concentrations ( ≥ 0.01 mol/L) and voltages (

≥ 52 mV for the surface potential)67. In our case, the concentration of ions is significantly higher (for 

only OH-, it is 1.11 mol/L H2O), which can still compensate for the charges induced by an EF of even 

20 kV through packed multilayer counterions68 (by considering ideal capacitance behavior). At high 

potential and electrolyte concentration, the Poisson–Boltzmann/Gouy–Chapman theory underestimates 

the screening length of the potential68–70. Under these conditions, the Debye length can increase due to 

strong interactions of ions (even 100 times thicker)70. Although the Debye length increases (yet remains 

within the nanometer range), the high ion concentration causes the EF sensed in the bulk to decrease. 

The EF decay has been measured in bipolar electrodeposition, where within 1–2 minutes, the EF in the 

bulk drops to below 30% of the applied potential71. We also attempted to measure the voltage inside the 

solution using the linear amplifier and the circuit shown in Figure S26. However, due to significant 

voltage fluctuations, obtaining an exact measurement was challenging via a simple multimeter. 

Nevertheless, when a set voltage of 800 VPP was applied, the thin wire probe in contact with the inner 

wall of the cuvette (Type 4) sensed the real voltage to change from 15 to 100 V, which gradually 

dropped to 0 V after a few ( ≤ 1-2) minutes. The formation of EDL is in the order of pico- to 

microseconds, but the EF decay in the order of minutes can be due to macroscopic ion migration 

(accumulation on both sides)71. The concentration profile of ions in the solution depends on the applied 

EF properties. Under low DC EF conditions, the concentration of counter ions increases steeply within 

the EDL, and a diffusion (Nernst) layer develops whose thickness depends on time and the diffusion 

coefficients of the species (Figure 8B, concentration gradient in low V). At high DC EF amplitudes 

and high ionic concentrations, ion migration close to the electrode can involve multilayer counter ion 

accumulation, and diffusion from and toward the bulk can differ. The enhanced diffusion triggered 

under such conditions (Figure 8B, concentration gradient in high V) may introduce time scales on the 

order of seconds to minutes for EF effects to be sensed in the bulk. These observations, along with the 

theoretical considerations of electrode polarization and the EDL, suggest that the effective EF is 

confined to a very narrow region near the inner wall and does not penetrate into the bulk of the solution 

(or only shortly). Nevertheless, sensing fine voltages on the order of millivolts across nanometric-scale 

regions has proven to be effective in manipulating protein crystallization4. The relevance of such 
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phenomena to zeolite synthesis, however, remains ambiguous. Using AC EF can prevent the formation 

of EDL by changing the polarity below the decay time range (Figure 8A, AC). In AC mode, periodic 

reversal of EDL charging hinders the formation of a sustained concentration gradient extending from 

the EDL into the bulk (Figure 8B). The effects of high voltage EFs on the thermodynamics of protein 

nucleation depend on the change in dielectric constant between the solid and liquid phases4. The 

variation in dielectric constant with component composition determines the change in chemical 

potential during the phase transition (nucleation). In the case of protein, the effects are mainly confined 

to size and quality of crystals, nucleation rate and number of crystals. In the case of zeolites, 

investigating changes in the dielectric constant of the solid phase may be nontrivial due to the similar 

electrical properties between intermediate amorphous phases and final crystalline structures, not to 

mention the potentially changing dielectric constant of the liquid/gel. However hard to predict the 

changes in chemical potential under EF, particularly those derived from frequency shifts, an EF could 

lead to the formation of a different zeolite than expected in conventional synthesis, since the 

thermodynamic states of the initial gels (preordered stages including oligomers and building units) for 

various frameworks do not differ significantly (so an EF-induced change could be significant). 

Figure 8. A) Hypothetical Voltage profiles through a quartz cuvette (Type 4) including synthesis solutions under 
AC (Frequency represents high enough frequencies with time ranges shorter than EDL formation, MHz-GHz) 
and DC EFs. The profile inside pure water is added for comparison with the cases where ions are present in the 
zeolite synthesis solution. B) Qualitative ions migrations and concentrations through the electrical double layer 

(EDL) and micrometric scale diffusion layer close to EDL.

4. Conclusion and outlook

In this study, we report for the first time attempts to use high-voltage electric fields to control bulk 

zeolite crystallization. The inability of classical kinetic laws to govern hydrothermal synthesis 

sufficiently led us to hypothesize that these limitations arise from complex interactions spanning the 

transition from pre-ordered to ordered stages of zeolite formation. Since the synthesis mixture contains 

various ions, and the crystallization of aluminosilicates introduces charge defects that require 

electrostatic stabilization, electrokinetic control (EKC) presents an intriguing approach to manipulate 
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both the thermodynamics and kinetics of the crystallization process. Nucleation thermodynamics can 

be modified under high-voltage EFs, which in turn may influence the kinetics of nucleation, growth and 

crystallization as well as defect stabilization. The movement of charged species can also influence the 

temporal dynamics of reactive intermediates and local concentration gradients, which can also possibly 

alter the phase selectivity, the kinetics of crystallization and potentially influence the aluminum content 

in the final structure. Both AC and DC EFs were investigated, with voltages and frequencies as high as 

20 kV and 30 MHz. More to that, various reactor configurations were explored to address the challenges 

of applying EFs during hydrothermal synthesis. The different setups enabled us to investigate both 

uniform and non-uniform EF modes. However, the use of Teflon-lined stainless steel autoclaves posed 

limitations, prompting a shift to plastic- and glass-based reactors. While glass offers compatibility with 

EF applications, it also restricts the synthesis conditions, particularly in terms of temperature and 

alkalinity. We examined the influence and effects that arose from EKC across ten different zeolite 

synthesis systems, each with varying compositions, conditions and viscosities. The effects of EFs on 

nucleation thermodynamics were evaluated in terms of phase selectivity, particle size, and yield.

Initially, our investigation of directing phase selectivity in the competitive system of EAB/FAU has 

provided a complex output, for which further experimentation would be needed to support the 

hypotheses and find an explanation for the issue of reproducibility. The least inconclusive results were 

obtained applying EFs of 800 VPP with 50 mHz and 50 kHz frequencies during initial stages of the 

synthesis, more precisely – in the first 6 h (although an EF during the first 24 h at 400 VPP, 50 kHz also 

shows promise), where we observed a strong preferential phase shift vs the silent controls, but, even 

more importantly, we witnessed an increase in the number of nuclei via a (roughly) 3-fold decrease in 

crystal size. This points to a real chance that EF can tune or influence nucleation at the very start of a 

crystallization and could thus be effective up front. Yet, applying EF all along the duration of a synthesis 

might promote other effects (e.g., in growth stage, local heat dissipation effects) at later times which 

then obscure or mitigate the earlier effects on nucleation. We surmise that such later-stage EF effects 

could be a source of reproducibility issues. Based on our extensive preliminary data, higher voltages 

and a more broad frequency range should be tested. A rationale for the latter is a previous report that 

external EFs could relax the hydrated ion structure at significantly larger time scales (between 300 ps 

corresponding to 1 THz or higher) than most other relaxation processes in solutions72, therefore, test 

with these extreme frequency values, if achievable instrumentation-wise, could be beneficial. On top, 

there are countless available combinations of starting ingredients that could yield more promising 

results (e.g., IZC or dual template syntheses). On the other hand, the demonstrated phenomenon of EKC 

over microporous materials crystallization underlines the crucial role of nucleation in zeolite synthesis 

among competing phases and establishes the first proof of controlled phase selectivity under applied 

internal EF in bulk. Moreover, we observed that non-contact EKC under non-uniform EFs could 

sometimes alter the selectivity in FAU/LTA systems depending on Na/Si ratios. We hypothesize that 
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the local concentration of sodium close to the electrodes is influential. However, challenges in 

reproducibility emerged (again), and the application of high-voltage EFs yielded mixed results across 

different experiments. In this example, in particular, we surmise that heterogeneous nucleation (e.g., 

seeding from remaining debris of a previous synthesis in the Teflon electrode sleeve)  affects the 

outcomes of crystallization, raising doubts about the acquired EF results. Based on this, we suggest 

selecting systems for further study that are inherently more prone to homogeneous nucleation 

(nevertheless, external nucleation modifiers could be considered in other lines of research). Case studies 

involving other zeolite systems also did not reveal a clear influence of EKC. The properties of the EDL 

formed in the highly ionic zeolite synthesis mixture are suspected to play a critical role in determining 

the effectiveness of EFs in the bulk. The formation of a densely packed, narrow EDL can prevent the 

EF from penetrating into the bulk solution, thereby reducing its influence on the crystallization process. 

In dilute, single-component protein systems, even millivolt-scale potential differences can influence the 

thermodynamics and kinetics of nucleation and crystallization through their effect on nanoscale EDLs. 

In contrast, zeolite systems typically contain excess concentrations of components, particularly SDAs 

and OH-, which often makes local nucleation and crystallization more dependent on bulk properties. In 

this context, the local film deposition of zeolite on the electrode via in situ nucleation and growth 

suggests that the film shares similar properties with zeolite crystals formed in the bulk under identical 

conditions, with the possible exception of crystal growth orientation. Furthermore, opposite to proteins, 

nucleation is not always the rate-limiting step in zeolite synthesis, as the process involves multiple 

stages with different rate-determining steps depending on the system. Additionally, electrostatic 

interactions among charged species do not appear to be the limiting factor in zeolite synthesis, 

particularly in systems with excess concentrations of charged SDAs, OH-, and sometimes aluminum. 

The contribution of steric stabilization, hydration and Van der Waals interactions can outweigh the 

electrostatic stabilization. However, in rare cases, such as high-aluminum or dilute CDM systems, 

Coulombic stabilization can play a critical role in driving nucleation48,56, where under EF, there were 

no clear effects on a CDM system as well. 

When the EF would consistently be able to penetrate the bulk, the greatest likelihood of effects arises 

from charge- and particle‑based movements under this EF, as seen in electrophoretic film deposition. 

Under an EF, the Coulomb, electrophoretic, dielectrophoretic, and chaining forces are dominant. 

Dielectrophoresis requires a strong EF gradient, which restricts its influence to non‑uniform fields. The 

chaining force has also been used for packing zeolite particles, but typically under AC EFs and specific 

setup configurations. In the highly ionic zeolite synthesis mixture during crystallization, electrophoretic 

forces are likely to dominate. Nevertheless, thermal motion at the elevated temperatures of zeolite 

syntheses can counteract or even override these effects, perhaps locally, intermittently, or nonuniformly. 

This is a likely origin of irreproducibility.
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Future trials of EKC in zeolite crystallization could benefit from small-scale reactors, such as 

nano/microchannels or microdroplets, to limit the number of crystals formed and enhance the influence 

of EFs. However, this approach may require in situ characterization techniques, such as XRD, to 

monitor crystallization timely and effectively. Another promising strategy involves applying high-

voltage AC EFs with a broader frequency range (High frequencies in the MHz–GHz range), particularly 

in setups using external plate electrodes. Using water as a solvent (cfr., with its high dielectric constant 

and conductivity in ionic solutions, both of which vary significantly with temperature) can be a 

drawback for studying EKC in zeolite crystallization. Less polar solvents or ionic liquids may offer 

better compatibility with EF application; however, crystallization systems using these alternatives are 

still scarce2. Theoretical and mechanistic studies on the effects of EF on temporal changes in dielectric 

permittivity of emerging solids, as well as on interactions of atoms within the lattice and with extra-

framework cations, can be useful for a clearer understanding of EKC over zeolite crystallization.

Supporting Information

Extra information and photos of reactors, additional electric fields characteristics, additional 

experimental characterization data (PXRD, ICP and SEM), time-resolved photo of reactors during the 

synthesis, scheme of voltage measurement inside the synthesis mixture and calculation of Debye length 

are provided in the Supporting Information. 
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Data Availability Statement:

Extra information and photos of reactors, additional electric fields characteristics, additional 

experimental characterization data (PXRD, ICP and SEM), time-resolved photo of reactors 

during the synthesis scheme of voltage measurement inside the synthesis mixture and 

calculation of Debye length are provided in the Supporting Information. 
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