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Abstract

Zeolite composite membranes provide a compelling path toward stable quasi-solid proton 
electrolytes. This study evaluates the through-plane proton conductivity of H-form Zeolite 
Beta/polyvinylidene fluoride (H-Beta:PVDF) membranes post-activation in aqueous sulfuric 
acid. Membranes were characterized via electrochemical impedance spectroscopy between 
blocking electrodes and modeled using an Rs  + (Rb ‖CPEb ) equivalent circuit where Rs  is 
the series resistance, Rb  is the bulk resistance, and CPEb  is the bulk constant phase element. 
Apparent ionic conductivities ranged from 2.31 × 10−6  to 1.53 × 10−5  S cm−1 . Bulk CPE 
exponents were observed between 0.42 and 0.87, suggesting non-ideal impedance responses.
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1. Introduction
Batteries have become a cornerstone in the sustainable energy economy, with global 

demand projected to rise [1]. Lithium-ion technologies currently dominate across applica-
tions; however, associated concerns in regard to costs and sustainability highlight the need 
for post-lithium technologies [1,2]. Due to their unique characteristics, proton batteries 
(PBs) are gaining research attention as a post-lithium energy storage platform.

Utilizing protons (H+ ) as charge carriers, PBs can exhibit rapid charge/discharge 
behavior due to the unique transport properties of hydrogen ions [3]. In hydrated envi-
ronments within an applied potential, proton conduction can occur through the Grotthuss 
mechanism, in which H+  transfers through hydrogen-bonded water networks via successive 
proton-transfer events supporting high proton conductivity [3]. When absorbed within 
porous solid matrices, these species may form connected hydrated pathways that enable 
proton conduction [4–6].

This study investigates the proton conductivity of H-form Zeolite Beta/binder com-
posite membranes after activation with aqueous sulfuric acid. A key challenge for zeolitic 
quasi-solid electrolytes is to maintain continuous pathways for hydrated proton transport 
while minimizing binder-driven obstructions [3–5,7]. The framework of H-Form zeolite 
Beta (H-Beta) is advantageous for this objective due to its three-dimensional, large, ap-
proximately 6.7 Å pore network with an accessible volume in the range of 19–21% [8,9]. 

Electron. Mater. 2026, 7, 29 https://doi.org/10.3390/electronicmat7040029

https://crossmark.crossref.org/dialog?doi=10.3390/electronicmat7040029&domain=pdf&date_stamp=2026-10-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronicmat
https://www.mdpi.com
https://orcid.org/0009-0008-8365-4857
https://orcid.org/0009-0009-2222-7306
https://doi.org/10.3390/electronicmat7040029


Electron. Mater. 2026, 7, 29 2 of 6

These features may support aqueous acid uptake and hydrated proton availability, which 
may increase the likelihood of the formation of percolating proton conduction pathways. 
Optimizing H-Beta to binder ratios may help limit pathway constrictions.

2. Materials and Methods
H-form Zeolite Beta (H-Beta) with a Si:Al ratio of 180 was the material studied. Al-

though H-form provides Brønsted acid sites, the high Si:Al ratio suggests that intrinsic 
framework acidity is limited [6]; therefore, conductivity is more plausibly associated with 
retained hydrated sulfuric-acid domains within the H-Beta composite. Polyvinylidene fluo-
ride (PVDF) was selected as a mechanically stable polymer binder with which to support 
and integrate the bulk zeolite matrix. N-methyl-2-pyrrolidone (NMP) was selected as a 
suitable casting solvent with which to dissolve PVDF, forming a homogeneous PVDF/NMP 
slurry suitable for membrane casting [10,11].

Aqueous H2 SO4  was selected as a proton source due to sulfuric acid’s wide use in 
electrochemical studies that require high proton availability [12,13]. Concentrations of 0.5 
and 1.0 M were used to support proton transport while avoiding unnecessarily corrosive 
conditions. Gold electrodes were used to block faradaic charge-transfer reactions, isolating 
ionic transport through the saturated H-Beta/PVDF membranes during Electrochemical 
Impedance Spectroscopy (EIS). Gold provides ideal characteristics such as high electrical 
conductivity, chemical stability, resistance to passivating oxide formation, and blocking 
toward proton transfer [14–16].

PVDF was dissolved in NMP and stirred for 2 h. Zeolite powders were dried at 120 °C 
for 12 h, added to the PVDF/NMP solution, and stirred for 30–60 min to prepare the 
casting slurries. The slurries were then cast onto gold-plated electrode foil and degassed 
overnight at 50 °C. The resultant electrode-supported H-Beta/PVDF films were diced into 
16 mm diameter discs and soaked in sulfuric acid for 4 h for activation. After activation, 
the cast was stacked with an opposing Au-plated blocking electrode and assembled into 
a standard 2032-coin cell. EIS spectroscopy measurements were performed immediately 
after assembly. Table 1 lists the composition, preparation conditions, and dimensions of 
the 11 H-Beta/PVDF specimens discussed in this work. The data used in this study are 
provided in the Supplementary Materials.

Table 1. Summary of sample composition, preparation and dimensions regarding the 11 H-Beta/PVDF 
specimens discussed in this work.

Sample H-Beta Mass Fraction H2 SO4  (M) NMP (mL) Thk (𝛍m) Dia. (mm)

S7 0.8 0.5 2.4 96 15
S10 0.85 0.5 2 186 15
S14 0.85 0.5 2 136 15
S18 0.8 1 2.4 96 15
S22 0.9 1 3 82 15
S24 0.85 1 2.4 142 15
S25 0.85 1 2.4 115 14
S26 0.8 1 2 224 14
S27 0.8 1 2 224 14
S29 0.8 1 2 224 14
S30 0.8 1 2 224 15
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Potentiostatic EIS was performed using Admiral Instruments Squidstat Plus to eval-
uate the through-plane ionic conductivity of H-Beta composite membranes. Membranes 
were configured between two Au-plated blocking electrodes and measured over a range 
of 10 MHz–10 mHz with a 10 mV perturbation. The dominant arc of the measured 
Nyquist spectra was fitted to the equivalent circuit Rs  + (Rb ‖CPEb ) using the standard 
CPE impedance [17],

𝑍CPE𝑏
(𝜔) =

1
𝑄𝑏(j𝜔)𝑛𝑏

, (1)

with the corresponding impedance function obtained by combining the parallel branch 
admittances and adding the series resistance:

𝑍(𝜔) = 𝑅𝑠 + [
1

𝑅𝑏
+ 𝑄𝑏(j𝜔)𝑛𝑏].

−1

(2)

where Rs  is the series resistance, Rb  is bulk membrane resistance, CPEb  is the constant phase 
element associated with the bulk membrane response, Z(𝜔) is the total complex impedance 
at angular frequency 𝜔, Qb  is the CPE coefficient for the bulk membrane response, and 
nb  is the dimensionless CPE exponent [15,17]. The equivalent-circuit parameters were 
determined by simultaneous unweighted least-squares fitting of the real and imaginary 
impedance components.

Further, Raman spectroscopy was used to assess any potential changes in the composite 
membrane chemistry before and after EIS cycling by comparing characteristic peak positions 
and spectral profiles.

3. Results
Acid-activated H-Beta/PVDF composite membranes exhibited measurable through-

plane apparent ionic conductivity after acid activation, with the sample set giving a 
conductivity in the range of 2.31 × 10−6 ≤ σb ≤ 1.53 × 10−5  S cm−1  and a median of 
σmedian  = 9.79 × 10−6  S/cm. In contrast, dry membranes exhibited an open-circuit re-
sponse, while membranes hydrated with water alone exhibited conductivities greater than 
4.90 × 10−8  S/cm. These values indicate that acid activation of H-Beta/PVDF membrane 
composites greatly increases their proton conduction relative to water-alone hydration. 
The fitted bulk resistance ranged from 587 to 2860 Ω, with a median of 1040 Ω. The cor-
responding median area-specific resistance was ASRmedian  = 1.90 kΩ cm2 . The fitted CPE 
exponent range was 0.42 ≤ n ≤ 0.87, consistent with depressed Nyquist arcs and a non-ideal 
impedance response through heterogeneous composite membranes [17,18]. This non-ideal 
behavior may reflect variations in particle dispersion, hydration, binder-induced pathway 
constrictions, and electrode–membrane contact [7,18], indicating that further refinement of 
the mix and casting process may improve homogeneity and percolating proton pathways. 
Figure 1a presents a representative Nyquist plot with a fitted model curve and an observable 
low-frequency tail. Figure 1b is an overlay of the raw Nyquist data discussed in this work.

Untreated and post-cycling H-Beta membranes exhibited similar Raman profiles over 
300–1000 cm−1 , and representative Raman spectra are presented in Figure 2. Comparison 
of the spectra was focused on the 300–700 cm−1  framework-sensitive region (highlighted in 
Figure 2), where zeolite rings and T–O–T vibrational modes are commonly observed [19]. 
Here, T denotes a tetrahedrally coordinated Si or Al atom, and O denotes the bridging 
oxygen atom. The preservation of the overall spectral pattern suggests that there was no 
major Raman-detectable difference in the H-Beta framework following acid activation and 
EIS cycling.
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Figure 1. Electrochemical impedance characterization of H-Beta composite membranes. (a) A 
representative Nyquist Plot from a single sample source with the measured response and equivalent-
circuit model fit. (b) Nyquist response overlay of sample set.

Figure 2. Raman shift of untreated zeolite composite compared to two post-cycled membranes with 
region of interest highlighted in grey.
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4. Discussion
The 0.5 M group exhibits a higher average 𝜎b  than the 1.0 M group in the present dataset; 

however, this trend cannot be established as an independent effect of acid concentration 
without further controlled study, as the samples also differ in thickness, composition, 
and slurry volumes. Likewise, an independent effect of the H-Beta:PVDF ratio cannot be 
determined. Membrane morphology, hydration, and the electrode interface may contribute 
to the observed variability, but these contributions remain unresolved. Furthermore, proton 
selectivity, transport mechanisms, and the relative contribution of retained acid and zeolite-
associated pathways remain unresolved. However, the relative increase in ion conductivity 
observed in acid-activated membranes calls for further controlled studies varying one 
parameter at a time to distinguish these effects.

The median ASR of 1.90 kΩ cm2  can correspond to a large ohmic voltage drop. At 
an illustrative current density of 1 mA cm−2 , the implied ohmic voltage drop is 1.9 V, 
representing a substantial limitation to practical battery operation. Due to this limitation, 
reducing membrane thickness and increasing ionic conductivity while targeting improved 
aqueous acid uptake are priorities in developing such materials for battery applications.

It is also notable that both the high-silica H-Beta and PVDF binder used exhibit rela-
tively hydrophobic characteristics. Consequently, reducing the Si/Al ratio of H-Beta and 
incorporating a more hydrophilic binder may improve aqueous uptake, thus promoting the 
formation of ionic pathways.

5. Conclusions
In conclusion, aqueous sulfuric acid activation of H-Beta/PVDF composite membranes 

was demonstrated to substantially improve apparent through-plane conductivity. However, 
the fitted bulk CPE exponents, ranging from 0.42 to 0.87, indicate a non-ideal impedance 
response but do not establish a specific transport mechanism. Further refinement of mem-
brane fabrication and materials may improve aqueous acid uptake, homogeneity, and the 
connectivity of ion pathways. These findings provide motivation for further investiga-
tion into proton-selective transport and the underlying conduction mechanisms through 
complementary proton-permeation and membrane-potential measurements.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/electronicmat7040029/s1.
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