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Zeolites are readily available crystalline materials with intrinsic porosity, and their outstanding physical and

chemical properties have been demonstrated in many areas, including catalysis, adsorption, ion exchange,

and gas separation. Their insulating character has so far prevented the development of zeolite-based

devices; however, given their non-toxic nature and abundance, it would be worthwhile to investigate

their charge transport properties, as the inherent micro-, meso- and macropores offer specific

structuring and modification options for various engineering and biomedical applications. Here, two

faujasite Na-FAU type zeolites with different particle sizes, nanosized (n-FAU) and microsized (m-FAU)

zeolite samples, were prepared to comprehensively investigate their electrical properties. To elucidate

the complex interplay between morphology, degree of hydration, and overall electrical performance of

the studied zeolites, structural (powder X-ray diffraction under ambient and non-ambient conditions),

microstructural (scanning electron microscopy, light-scattering particle size analysis, and porosimetry),

thermal (thermogravimetry and differential scanning calorimetry), spectroscopic (vacuum infrared

spectroscopy) and electrical (impedance spectroscopy) methods were used synergistically. The research

results indicate that particle size affects the ionic conductivity of zeolites (1.97 × 10−5 S cm−1 for m-FAU

compared with 3.00 × 10−7 S cm−1 for n-FAU under dry conditions), as continuous channels in larger

zeolite particles provide more efficient charge transfer pathways. Another important factor for the

electrical properties of zeolites is relative humidity, or the degree of hydration, which causes a 4 order of

magnitude change in ionic conductivity (3.00 × 10−7 S cm−1 versus 2.75 × 10−3 S cm−1 for n-FAU under

dry and humid conditions). This study demonstrates that the electrical characteristics of zeolites are

highly tuneable, which may create new opportunities for the use of these porous functional materials in

future sustainable applications.
Introduction

Zeolites are inorganic crystalline materials most oen
composed of SiO4 and AlO4 corner-sharing tetrahedral units
that create a negatively charged framework, whose charge is
compensated by the presence of Mn+ cations (M = NH4

+, Na+,
K+, Ca2+ etc.). Although the use of zeolites in petroleum rening
and gas separation has become indispensable, there are
numerous areas of research that can still benet from their
proven properties.1 Recent discoveries showcased remarkable
cation transport properties of zeolites as membranes for clean
energy generation through salinity gradient.2 The combination
of high surface charge density and high porosity allows cations
ls, Division of Materials Chemistry, Rud�er

, Croatia. E-mail: Glorija.Medak@irb.hr;

hnology, National Institute of Chemistry,

of Chemistry 2026
to diffuse through the structure, while a negatively charged
framework prevents the passage of anions.3 Furthermore, the
choice of a Mn+ cation has been found to strongly inuence
conductivity, to the extent that the material becomes an insu-
lator once converted to the proton form.4 Replacement with
a multivalent cation reduces the conductivity of the zeolite as
the concentration of counter ions is reduced.5 Due to its charge
and ionic radius, sodium is considered one of the best
conductivity promoters for various types of zeolite frameworks
(MFI, LTA, and FAU). In particular, the preference for cheap and
abundant raw materials makes zeolites an interesting, envi-
ronmentally friendly alternative also for the semiconductor
industry, if conditions could be achieved under which the
insulating character of zeolites could be altered. This insulating
property has so far prevented this class of materials from
receiving signicant consideration for electronic applications.6

In addition to the aluminosilicate framework and Mn+

counterions, the conductivity of zeolites is also inuenced by
other guest molecules that occupy the porous structure. Strong
J. Mater. Chem. A
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electrostatic gradients between the cations and the framework
in zeolites make zeolites highly hygroscopic.7 For this reason,
under ambient conditions, water molecules from the air ll the
channels and become an intrinsic part of the zeolite structure.
Depending on the amount of structural defects such as silanol
“nests” (Si–OH-rich areas) and the Si/Al ratio, some zeolite types
can adsorb more than 25% of their mass and accommodate
signicant number of water molecules.8–11 The complex pore
systems of the zeolite frameworks and their affinity for intrinsic
lattice water is an important factor in context of electrical
transport. Within these microporous channels, depending on
the zeolite structure and composition, water molecules are
known to form short-range clusters through a network of
hydrogen bonds.12,13 For example, in a hydrated Na-FAU zeolite,
diffuse reectance infrared Fourier transform spectroscopy
measurements suggested the presence of an unusual hexameric
water cluster in the 12-ring window.14 Recently, 1H time-domain
NMR measurements revealed the evolution of amorphous and
crystalline ice at −20 °C in the mesopores of BPH zeolite
nanosheets.15 Moreover, water molecules can be anchored to
the framework itself via hydrogen bonds with the Si–O(H)–Al
bridges, i.e. the Brønsted acid sites.16 Quantum mechanical
methods conrmed the stabilising effect of water molecules on
the neighbouring protons at Brønsted acid sites in the struc-
tures of MFI, FAU, and CHA zeolites.17 Apart from the micro-
pores (<2 nm), the zeolite structure may also contain
subsequently created meso- (2–50 nm) or macropores (>50
nm).18 Water molecules located in the intrinsic pores of the
zeolites (appearing either in clusters or coordinated to metal
centres) have dened crystallographic positions and site occu-
pancies and are an integral part of the crystal structure; these
can be referred to as crystal lattice water molecules. Additional
water molecules can be adsorbed at the boundary between
a solid crystal (crystallite) and its surrounding environment.19

These surface water molecules can also form strong hydrogen
bonds with the terminal OH groups of extrinsic meso- and
macropores, as well as at grain boundaries.10,20 When consid-
ering the transport properties of polycrystalline ceramics, the
resistance of grain boundaries can signicantly inuence
conductivity in solid ionic conductors.21 Proton conduction
through layers of adsorbed extrinsic water is a well-known
phenomenon in materials similar to zeolites, i.e. porous
monocrystalline oxides and ceramics, such as Y-stabilized ZrO2,
CeO2, TiO2 and SiO2.22,23 Depending on the level of hydration,
this water is categorized as “ice-like” (strongly bound to the
surface and highly ordered) in the rst layers, and as “liquid-
like” (loosely bound and disordered) built on the structured
water layers further from the surface.24–26 In materials without
structured pore systems, surface (extrinsic) water is oen the
main charge carrier,25 so it can be assumed that it also plays
a decisive role in the electrical properties of hygroscopic mate-
rials such as zeolites.

However, the conductivity of zeolites has mostly been
studied from the perspective of transport through the frame-
work channels, that is, the intrinsic or crystal lattice water.27

Furthermore, the electrical measurements on different zeolite
single-crystals made it possible to account only for the electrical
J. Mater. Chem. A
transport through the channels,28 since the effects of the grain
boundaries and surface are negligible in a single crystal. An
interesting trend was observed, which is in contrast to the
known behaviour that increasing humidity leads to an increase
in proton conductivity as observed in many metal–organic
frameworks and related systems.29–31 In the zeolite pores, at
higher water contents, the mobility of the ions is reduced due to
the clogged channels.28,32 These observations led to the
conclusion that, in addition to conductivity driven by proton
hopping through the Grotthuss mechanism, the diffusion of
Mn+ cations via the vehicular mechanism also contributes to the
overall bulk conductivity.22–24 In comparison to single crystals,
where the transport properties of the material are bulk domi-
nated, the contributions of the surface and grain boundaries
must be considered when particle size is reduced (e.g. in poly-
crystalline samples). The role of crystal size in the conductivity
of zeolites has been largely overlooked, making it difficult to
determine whether the observed behaviour is a property of the
bulk material or results from interactions at the surface and
grain boundaries, which is important for establishing the
electrical properties of the material.6,33

In order to better understand the effect of bulk versus surface
contributions on the electrical properties, two faujasite Na-FAU
type zeolites with different particle sizes, nanosized (n-FAU) and
microsized (m-FAU) samples, were prepared. The chemical
composition, structural features, and morphological versatility
of these zeolites were characterized by atomic absorption
spectrometry, powder X-ray diffraction under ambient and non-
ambient conditions, light-scattering particle size analysis, and
eld-emission scanning electron microscopy. As changing the
amount of sodium can affect the conductivity of the material,
efforts were made to keep the compositions of the nal prod-
ucts as close as possible to the reaction conditions required to
alter the crystal size. The zeolite samples were then exposed to
different relative humidity (RH) conditions at various temper-
atures to observe how the formation of additional hydration
layers on the surface of the material affects the conductivity. To
gain insight into the interactions between zeolite and water, in
terms of adsorption of lattice versus surface water, differential
scanning calorimetry and thermogravimetric analysis were
combined with impedance spectroscopy measurements.
Experimental
Materials

Chemicals used for the synthesis of faujasite (FAU) type zeolites
were purchased from commercial sources: Ludox HS-30 (Sigma-
Aldrich, 30.20% SiO2, 69.66% H2O, 0.14% Na2O), sodium
aluminate (Riedel de Haen, 42.40% Na2O, 56.50% Al2O3, 1.10%
H2O), sodium hydroxide (Kemika, 76.70% Na2O, 23.30% H2O)
and aluminium wire (Sigma-Aldrich, 99.99%).
Synthesis of microsized FAU zeolite (m-FAU)

Ludox HS-30 (m = 10.20 g) was dissolved in a 33% aqueous
solution of sodium hydroxide (m = 2.450 g). Sodium aluminate
(m = 0.922 g) was dissolved in a mixture of 33% aqueous
This journal is © The Royal Society of Chemistry 2026
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solution of sodium hydroxide (m = 2.450 g) and water (m =

4.900 g). The reaction gel (4Na2O$Al2O3$10SiO2$158H2O) was
obtained aer the as-prepared sodium aluminate solution was
slowly added to the well homogenized mixture of the silica
source (Ludox solution), following the procedure described by
Bosnar et al.34 The gel was aged for 18 hours in a closed reaction
vessel at room temperature. The vessel was then transferred to
an oven at 100 °C for 48 hours, aer which it was cooled to room
temperature. The resulting m-FAU product was washed until the
rinse water reached a pH of 8, aer which it was dried overnight
at 60 °C.

Synthesis of nanosized FAU zeolite (n-FAU)

Ludox HS-30 (m = 30.00 g) was dissolved in a mixture of 33%
aqueous solution of sodium hydroxide (m= 14.900 g) and water
(m = 0.943 g). Aluminium wire (m = 0.592 g) was dissolved in
a 33% water solution of sodium hydroxide (m = 15.210 g). The
reaction gel (8Na2O$0.7Al2O3$10SiO2$160H2O) was obtained
aer the as-prepared aluminium-containing solution was added
drop-wise to the well homogenized mixture of the silica source
(Ludox solution), following the procedure described by Awala
et al.35 The gel was aged for 24 hours in a closed reaction vessel
at room temperature. The vessel was then transferred to an oven
at 120 °C for 70 minutes, aer which it was cooled to room
temperature. The resulting n-FAU product was washed until the
rinse water reached a pH of 8, aer which it was dried overnight
at 60 °C.

Measurements

The powder X-ray diffraction (PXRD) data were collected in
reection mode with Cu Ka1 radiation (l = 1.54060 Å) on
a Malvern Panalytical Empyrean diffractometer using a step size
of 0.013° in a 2q range between 4° and 70°. For non-ambient in
situ PXRD measurements, a high-temperature camera (Anton
Paar 1200N) was used in the temperature range of 25–400 °C
and under vacuum conditions (p = 0.2 mbar). Analysis of the
PXRD patterns was carried out using the TOPAS soware
(version 7.0).

Scanning electron microscopy imaging (SEM) and energy
dispersive X-ray spectroscopy (EDX) were performed on a eld
emission scanning electron microscope (model JSM-7000F)
operated at 10 keV. The particle size distribution analysis was
carried out using a Malvern Mastersizer 2000 laser light-
scattering particle (LLS) size analyser. Nitrogen physisorption
was conducted using an Autosorb iQ3 (Quantachrome Instru-
ments, Boynton Beach, FL, USA) at −196 °C. Prior to the
measurement, the samples were degassed in vacuum at 250 °C
for 10 h. The elemental composition of the samples was deter-
mined using ame atomic absorption spectrophotometer (AAS)
PerkinElmer Analyst 200. Fourier-transformed infrared (FTIR)
spectra were acquired using a PerkinElmer FTIR Frontier
spectrometer, in the transmission mode under reduced pres-
sure of 5× 10−5 mbar and room temperature. The samples were
activated beforehand by heating the self-supporting sample
pastille at 400 °C for 3 hours under vacuum. Deuterated
acetonitrile was used as a probe molecule and the amount of
This journal is © The Royal Society of Chemistry 2026
adsorbed acetonitrile was measured at 25 °C aer saturation
and subsequent evacuation.

Thermogravimetric analysis (TG) was carried out on a Shi-
madzu DTG-60H analyser at a rate of 10 °C min−1 from 25 °C to
500 °C under a ow of dry air. Differential scanning calorimetry
(DSC) measurements were performed using a Netzsch DSC 214
Polyma calorimeter in the −20 °C to 450 °C range under the
constant ow of pure nitrogen. The heating rate was 5 °Cmin−1,
and before measurements, the samples were exposed to either
the desired RH atmosphere or dried at 140 °C for 24 hours
before being transferred to aluminium crucibles and measured.

The electrical properties of materials were studied using an
impedance analyser PalmSens4 from 10 Hz to 1 MHz in
a hermetically closed chamber with a TEC-1091-NTC-PIN
temperature controller. The relative humidity (RH) in the
chamber was adjusted by exposure to ultrapure water (RH ∼
100%) or to saturated aqueous solutions of NaBr (RH ∼ 60%)
and NaCl (RH ∼ 75%). The samples were kept under these
conditions for 24 hours prior to measurements. Measurements
under vacuum were carried out aer the sample was dried
overnight at 140 °C and then transferred to the chamber evac-
uated to 100 mbar for 4 hours before measurements. For
measurements, the polycrystalline sample was pressed into
a cylindrical pellet (at around 2 tons of pressure) with a diam-
eter of 5 mm and a thickness of 0.5 mm having 3.5 mm diam-
eter sputter coated gold electrodes on the opposite surfaces of
the pellet. The silver wires were then connected to gold elec-
trodes using silver colloidal solution as glue. The impedance
spectra were analysed by equivalent circuit modelling using
a nonlinear least-squares tting procedure in PSTrace soware.

Results and discussion
Structural and microstructural characteristics

The PXRD patterns (Fig. S1) show that the peak positions of
both m-FAU and n-FAU correspond to those simulated from the
crystal structure of the FAU-type zeolite.36–38 The PXRD patterns
were tted in the space group Fd�3m using the Pawley method,
giving the values of unit cell parameters a= 24.6946 Å for m-FAU
and a= 24.9578 Å for n-FAU. The m-FAU sample exhibits sharper
Bragg peaks suggesting high crystallinity (Fig. 1a), while
broadening of the peaks in the n-FAU diffraction pattern indi-
cates smaller diffraction domains (Fig. 1b). The inuence of the
increased temperature and vacuum conditions on the FAU
framework was investigated using non-ambient powder X-ray
diffraction. As expected, both m-FAU and n-FAU samples
remain stable up to 400 °C, as shown by the minimal changes in
their diffraction patterns (Fig. S2 and S3). The most noticeable
difference between the PXRD patterns of m-FAU collected at
room temperature and at 400 °C (under reduced pressure) is the
disappearance of the diffraction peak of the (222) plane, which
passes through the centre of the hexagonal prism and is located
at 12.38° 2q in the hydrated sample, and the appearance of
a new peak at 17.56° 2q in the dehydrated sample, corre-
sponding to the (422) plane, which passes through the sodalite
cage. The subtle differences between the room temperature and
non-ambient diffraction patterns of m-FAU arise mainly from
J. Mater. Chem. A
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Fig. 1 Powder X-ray diffractograms showing experimental (black
circles) and Pawley refinement (blue/red line), with the difference plot
(grey line) for: (a) m-FAU sample (Rwp = 6.9%) and (b) n-FAU sample
(Rwp = 4.3%).
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lattice expansion and the removal of water molecules, accom-
panied by the migration of sodium cations.39

With sufficient heating, all of the surface water and
a majority of lattice water are desorbed and released from the
zeolite. Therefore, sodium cations gain freedom to move and
redistribute within the framework, as supported by the
appearance of reections indicating the presence of additional
atoms inside the sodalite cage.40,41

The scanning electron microscope images (Fig. 2c and d)
further conrm the size difference between the samples. The m-
Fig. 2 Structural and microstructural analysis of prepared m-FAU and
n-FAU samples: (a) LLS particle size distribution; (b) N2 porosimetry
measurements; (c) SEM image of m-FAU; (d) SEM image of n-FAU.

J. Mater. Chem. A
FAU sample consists of 1–2 mmplate-like crystals (Fig. 2c), while
the n-FAU sample consists of nanometre particles, whose
geometry cannot be dened at the same magnication (20
000×). Particle size analysis by laser light scattering (Fig. 2a)
shows relatively broad particle size distributions and indicates
that the average particle size of both samples is larger than that
of the individual crystallites due to agglomeration. Despite the
agglomeration, the one order of magnitude particle size differ-
ence between n-FAU and m-FAU observed in the SEM images is
also reected in the LLS measurements.

Porosity measurements of the m-FAU sample exhibit a classic
type I isotherm, with high nitrogen uptake at low pressures
followed by a plateau at higher pressures, while n-FAU shows
a combination of type I and type IV isotherms (Fig. 2b). The
observed difference in nitrogen adsorption isotherms between
n-FAU and m-FAU samples arises from subtle differences in
chemical composition and distinct sample morphologies. The
n-FAU sample exhibits lower nitrogen adsorption uptake
because its lower Si/Al ratio requires more sodium ions to
balance the charge.42 The increased sodium ion content in the
n-FAU structure leads to a loss of micropore volume and
consequently lower BET values. In contrast, m-FAU has a higher
pore volume and higher BET values than n-FAU (Table 1), which
is attributed to its lower sodium content. This correlates with
the different synthetic protocols used to prepare the targeted
zeolites: n-FAU is prepared in a shorter time and at a higher
temperature than m-FAU, resulting in a greater number of
structural defects. Aer oven drying, these defects cause n-FAU
to agglomerate more readily, as supported by LLS data and
porosimetry measurements at high pressure.43 This behaviour
in nanosized samples was previously observed by Awala et al. in
FAU-type zeolites.35 The consequences of agglomeration are also
reected in the outer surface area, which is lower than expected
for the n-FAU sample.
Spectroscopic characterization

The textural properties of the samples were further analysed
using Fourier transform infrared spectroscopy in a vacuum. In
the higher frequency range of the spectra of both samples, three
different types of bands associated with the hydroxyl groups can
be recognized (Fig. 3a). The band at 3745 cm−1 is assigned to
the isolated n(Si–OH) stretching vibration.10 The sharp band
with high intensity at 3690 cm−1 is generally assumed to be
related to the interactions of the terminal –OH groups with the
sodium cation.44 Several broad bands in the 3600–3000 cm−1

range indicate the presence of structural defects in the samples,
namely silanol “nests“; parts of the structure rich in silanol
groups whose hydrogen bonds cause a band shi to lower
wavenumbers compared to the isolated Si–OH.26 All the afore-
mentioned bands are of higher intensity in n-FAU, which is to
be expected as they mostly originate from vibrations associated
with surface defects. In both spectra there are no visible bands
at 3480 and 3660 cm−1 from extra-framework aluminium
species.45 To further conrm this, the acidity of the sample was
analysed using D3-acetonitrile as a probe molecule (Fig. 3b), and
only very weak Si–OH Lewis acid sites at∼2272 cm−1 are present
This journal is © The Royal Society of Chemistry 2026
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Table 1 Sample composition and textural properties of n-FAU and m-FAU

Sample Composition Si/Al Na/Al BET/m2 g−1 Sexternal/m
2 g−1

m-FAU 0.18Na2O : 0.19Al2O3 : SiO2 2.63 0.95 894 32.6
n-FAU 0.29Na2O : 0.3Al2O3 : SiO2 1.66 0.97 649 60.5

Fig. 3 Spectroscopic characterization of m-FAU and n-FAU samples:
(a) vacuum FTIR spectra of the samples in the higher frequency region;
(b) D3-acetonitrile adsorbed on the samples at 25 °C.
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in both samples.46 This type of spectra is expected for the FAU-
type zeolite sample that contains only sodium as counterions.
The band at 2327 cm−1, which would originate from D3-aceto-
nitrile bound to hexacoordinated Al3+ species (aluminium
outside the framework), is absent from both spectra, and no
other bands appear that would indicate binding of the probe
molecules to Brønsted acid sites (protonated Si–O–Al bridges).
This demonstrates that there are no other charge-balancing
cations in the framework that could later complicate the inter-
pretation of the results.46
Thermal stability

Thermogravimetric analysis and differential scanning calorim-
etry were performed on differently conditioned n-FAU and m-
FAU zeolite samples to distinguish the interactions between
water within the zeolite framework and on the surface. Ther-
mogravimetric analysis of fully hydrated samples (samples
conditioned at 100% RH) shows that two distinct steps of water
removal can be identied for both n-FAU and m-FAU zeolites
(Fig. S4). The rst step corresponds to the release of moderately
bound water on the surface (extrinsic water), while intrinsic
water leaves the zeolite lattice at signicantly higher tempera-
tures. Mass loss associated with these steps, as shown in Table
2, indicates that the amount of water contained in the lattice is
Table 2 Thermal analysis of m-FAU and n-FAU samples: mass loss and
enthalpies related to dehydration calculated from the thermogravi-
metric analysis and differential scanning calorimetry, respectively

Sample

w(H2O,
RH = 100%)/%

DHdry/kJ mol−1 DH100/kJ mol−1Surface Lattice

m-FAU 5.74 22.2 358.3 807.4
n-FAU 19.49 23.0 453.3 866.3

This journal is © The Royal Society of Chemistry 2026
equal for both zeolite samples, while the amount of surface
water in n-FAU is three times higher than in the m-FAU sample.
The external surface area (Table 1) of n-FAU is twice that of m-
FAU, which explains the signicantly higher amount of surface
water in n-FAU.

This difference in the amount of extrinsic water is clearly
evident in the DSC measurements (Fig. 4). In both n-FAU and m-
FAU samples, complete water elimination occurs at 450 °C. For
n-FAU and m-FAU samples dried at 140 °C prior to DSC
measurements, the remaining water is eliminated more rapidly
in the n-FAU sample due to the shorter diffusion path and the
presence of macropores in the agglomerates. The deviation for
the baselines of different curves of the same sample is caused by
the change in heat capacity (DCp) between the hydrated and
dried phases. DSC analysis enables the clearer distinction of
processes associated with water loss; for example, two addi-
tional peaks are observed for both samples at temperatures
below 110 °C. The most intense peak at 108 °C for n-FAU and 87
°C for m-FAU could be associated with the evaporation of water
molecules that form hydrogen bonds and coat the surface of the
zeolite samples. The behaviour of these water molecules is more
similar to that of free liquid water, which is why they are
referred to as “liquid-like” water layers. However, the n-FAU and
m-FAU samples, having hydroxyl-rich surfaces, are also able to
form strong hydrogen bonds with additional water molecules.
These molecules tend to arrange in more structured layers and
are called “ice-like” water layers.24,26 When comparing the DSC
peaks around 100 °C aer deconvolution, it can be seen that the
enthalpy of water removal for the m-FAU sample (DH =

103.5 kJ mol−1) is more than three times lower than that of n-
FAU (DH = 339.8 kJ mol−1), indicating weaker interactions
between surface water and the sample. The main reason for this
could be the lower number of silanol “nests“ in m-FAU, which
are known to form strong hydrogen bonds with water mole-
cules.10,26 However, strong interactions of “ice-like” water with
the surface make it difficult to distinguish the elimination of
surface water from the removal of lattice water from the
Fig. 4 DSC curves of the hydrated and dried (at 140 °C) (a) m-FAU and
(b) n-FAU samples measured at a heating rate of 5 °C min−1.
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channels. The DSC endotherm peak at 0 °C (labelled with an
asterisk in Fig. 4) originates from the melting of the hydration
layers, which turned to ice aer the sample was cooled to −20 °
C. This behaviour was observed in earlier studies of zeolites,
where the reported melting peak was attributed to the hetero-
geneous nucleation of water molecules, which correlates well
with our observations of a “liquid-like” water layer.47

Electrical characterization

The preparation of two chemically and structurally analogous
FAU zeolites with a signicant difference in particle size
enabled investigation of the extent to which microstructure is
important for the electrical properties. Both n-FAU and m-FAU
compressed zeolite pellets used for measurement were
prepared and treated identically to ensure a direct correlation
between microstructure and ionic conductivity. Impedance
spectroscopy measurements were carried out at various
humidity levels (RH = 60%, 75%, 100%) and under dry condi-
tions achieved by reducing the pressure to 100 mbar, which
allowed the crucial impact of water from ambient air on the
overall electrical performance to be accounted for. Prior to
measurements at reduced pressure, the samples were pre-
treated overnight at 140 °C to remove excess water. The aim
was to remove only the water adsorbed on the surface, while
leaving the more tightly bound lattice water in place. In this
context, the term “dry” in Fig. 5 indicates that the samples of n-
FAU and m-FAU are free of extrinsic water but contain intrinsic
lattice water. Complex impedance plane diagrams of n-FAU and
m-FAU samples (Fig. 5) measured under two boundary condi-
tions, under vacuum and at RH 100%, show that the removal of
water molecules from the surface reduces the conductivity by at
least three orders of magnitude. This indicates that the charge
Fig. 5 Complex impedance plane graph measured at 25 °C for
samples: (a) dried m-FAU at reduced pressure; (b) hydrated m-FAU at
100% RH and ambient pressure; (c) dried n-FAU at reduced pressure;
(d) hydrated n-FAU at 100% RH and ambient pressure.

J. Mater. Chem. A
transfer in FAU zeolites is strongly facilitated by water mole-
cules adsorbed on the surface. The difference in conductivity is
even more pronounced in n-FAU samples under dry and humid
conditions. Graphical representations of the complex imped-
ance plane for n-FAU and m-FAU samples at 100% RH show
different ratios between the contributions of the intrinsic lattice
(bulk, B) and the extrinsic surface (grain boundary, GB) to the
conductivity. Thus, the complex impedance spectrum can be
described by two parallel (resistor-constant phase element)
equivalent circuits connected in series, where the semicircle at
higher frequencies represents the crystal or bulk, and the
semicircle at lower frequencies is associated with the grain
boundaries, resulting from the polycrystalline form of the
pressed pellet used for measurements.25 For the dry m-FAU
sample under vacuum conditions, the contribution of the
crystal bulk to the conductivity is sB = 1.97 × 10−5 S cm−1,
a value two orders of magnitude higher than that of the grain
boundary, sGB = 5.29 × 10−7 S cm−1. In contrast, sB in n-FAU
remains higher than sGB, but the ratio between the two is less
skewed towards bulk conductivity (sB = 3.00 × 10−7 S cm−1 and
sGB = 0.879 × 10−7 S cm−1, respectively). The higher overall
conductivity of dry m-FAU is expected, as continuous channels
and formed water clusters in larger zeolite particles provide
abundant proton-conducting sites,16 enabling more efficient
charge transfer. The spectra recorded aer the sample was
stored for 24 hours in an atmosphere with 100% RH clearly
show the pronounced effect of water molecules on conductivity.
The conductivity of n-FAU increases sharply (s = 2.75 ×

10−3 S cm−1), making it impossible to distinguish individual
contributions from the bulk and grain boundary. In contrast,
two distinct semicircles can be observed in the complex
impedance plane graph of the m-FAU sample. Surprisingly, in
this case, the bulk conductivity has a lower s value (sB = 6.27 ×

10−4 S cm−1) than the grain boundary conductivity (sGB = 3.25
× 10−3 S cm−1). This indicates that the water content within the
lattice of a zeolite crystallite contributes less to the overall
conductivity than the water layers adsorbed on the surface of
the zeolite.

The effect of relative humidity on the proton conductivities
at different temperatures for both samples is shown in Fig. 6
and in the SI (Fig. S5 and S6). The Arrhenius plot of the m-FAU
sample (Fig. 6a) at 60% RH shows a linear increase across the
entire temperature range (from 5 to 60 °C), from which the
activation energy, Ea, of 54 kJ mol−1 is calculated. A further
increase in RH leads to a disruption of this trend, as the
behaviour at 75% and 100% RH is linear only up to 20 °C, aer
which the conductivity decreases rapidly. This decrease is
associated with thermally assisted surface water removal, which
is observed in the TG (Fig. S4) and DSC curves (Fig. 4) as well. In
addition, a further increase in temperature to 60 °C results in
the conductivity values for different humidities nally
converging. This indicates that at high humidity, the main
contribution to the overall conductivity comes from the
conductivity of the hydration water layers. Therefore, the acti-
vation energies, 71 kJ mol−1 (75% RH) and 80 kJ mol−1 (100%
RH), were calculated from data collected in the lower temper-
ature range. Regardless of the trend change caused by
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Arrhenius plot of proton conductivity of (a) m-FAU and
(b) n-FAU samples measured at different relative humidity levels.
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dehydration, the Ea values for all investigated humidity levels in
the m-FAU sample indicate a vehicle mechanism for proton
transport. On the other hand, the Arrhenius diagrams of the n-
FAU samples (Fig. 6b) show the same trend of increasing
conductivity at lower temperatures and decreasing above 20 °C.
The only difference is that the conductivity drops more sharply
above 20 °C as the RH increases. At 60% RH, the activation
energy of the n-FAU sample is similar (Ea = 56 kJ mol−1) to that
of the m-FAU sample at the same humidity. However, an
increase in the water content on the sample surface achieved by
exposing the zeolite to RH 75 and 100% leads to a decrease in
activation energy to 53 kJ mol−1 and 37 kJ mol−1, respectively.
This suggests that less tightly bound surface “liquid-like” water
layers shi the proton conductivity towards the Grotthuss
mechanism with lower energy (Ea < 38 kJ mol−1).30 The hydra-
tion threshold that triggers the signicant transition from
vehicular to proton hopping conduction in n-FAU is above 75%
RH (Fig. 7). The nanosized morphology of n-FAU enables this
transition efficiently due to a higher number of surface defects,
isolated Si–OH groups, and silanol “nests”. Silanol nests form
very strong interactions with water molecules, allowing the
formation of more strongly bound hydration water layers.
Furthermore, theoretical calculations indicate that isolated Si–
OH groups can have a pKa of around 5, meaning that n-FAU can
generate more protons to further promote proton hopping.20

The increase in activation energy of the m-FAU sample with
rising water content can be attributed to the displacement of
the sodium cations. At higher water contents and Si/Al ratios
above 2, the sodium cation moves from the hexagonal prism
Fig. 7 (a) Dependence of proton conductivity activation energy (Ea) of
m-FAU and n-FAU samples on the relative humidity; (b) schematic of
sodium cation migration in the FAU zeolite framework at increased
water loadings.

This journal is © The Royal Society of Chemistry 2026
(Fig. 7b), where it is coordinated with six framework oxygen
atoms, to the entrance of the sodalite cage.48,49 Once this shi
occurs, the sodium cation can coordinate water molecules
within the sodalite cage, increasing the residence time of water
molecules within the channels and leading to a decrease in the
diffusion rate.10 This interaction, already present in n-FAU due
to its high Si/Al ratio, disrupts the formation of water molecule
clusters that tend to promote diffusion.12,13 For that reason, the
less favourable diffusion through channels is completely
bypassed by the conductivity at the grain boundaries and
surfaces.
Conclusions

The proton conductivity of faujasite Na-FAU type zeolites with
different particle sizes was measured at various relative
humidity levels to distinguish the contributions of intrinsic
(lattice) and extrinsic (surface) water to overall conductivity.
Compared to the microsized m-FAU sample, the nanosized
particle sample, n-FAU, absorbed more extrinsic water because
its surface is rich in structural defects (silanol “nests“), which
are better suited to generate stronger hydrogen-bonding inter-
actions. A decrease in particle size had a signicant impact on
conductivity under all measurement conditions, with the
difference becoming even more pronounced at higher humidity
(ranging from several times higher under low humidity and low
pressure conditions to several orders of magnitude higher at
100% RH). Furthermore, increasing humidity caused a change
in the conductivity mechanism of the samples, with the “liquid-
like” water layer-rich n-FAU sample shiing more heavily
towards the lower energy Grotthuss mechanism, while the
activation energy for proton transfer in the m-FAU sample
continued to increase (vehicular mechanism). This indicates
that, regardless of humidity, the m-FAU sample cannot form
hydration layers as thick as those of n-FAU, and most proton
conductivity occurs within the zeolite channels. An increase in
lattice water content in FAU-type zeolite causes the framework
sodium atoms to shi towards the sodalite cage, which
decreases the diffusion rate and directly increases the proton
transfer activation energy. Overall, these studies show that
zeolites hold great potential for effective construction and
regulation of proton transport through their intrinsic channels
and extrinsic large surface area, offering tuneable performance
in proton conductivity as well as chemical and structural
stability, durability, and sustainability. One way to achieve high
conductivity in zeolites is to stabilise a greater amount of
“liquid-like” surface water through encapsulation or low-
temperature manipulation. The functionalisation of the
zeolite surface with Brønsted acid sites, which can be deproto-
nated more readily than silanols and theoretically boost surface
conductivity, is a second strategy that could lead to a less
structured state.
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