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Vanadium-encased zeolite based mixed matrix
membrane for high-performance all-vanadium
redox flow battery+t

Chetan M. Pawar,*® Rahulbhai Parmar,”< Sooraj Sreenath,®®

Jayesh C. Chaudhari, & ¢ Govind Sethia (2 **< and Rajaram K. Nagarale (2 ¥
Achieving high proton selectivity over vanadium ions is crucial for ensuring a long calendar life of
vanadium redox flow batteries (VRFBs). Conventional perfluorinated and hydrocarbon-based membranes
often struggle to prevent vanadium ion crossover, which compromises VRFB performance. This study
highlights the modification of ZSM-5 (40) Na* zeolites with vanadium ions to leverage Donnan exclusion
in a galvanostatic charge/discharge process. The membranes were prepared by physically blending the
modified zeolite with sulfonated poly(ether ether ketone) (SPEEK). The developed membranes displayed
excellent oxidative stability in 2 M H,SO4 containing 1.5 M VO,* ions, along with enhanced electro-
chemical performance. In single-cell VRFB testing, the membrane with the highest proton conductivity,
SPEEK-ZSM 40 VO,", achieved an average coulombic efficiency of 98.0% and an energy efficiency of
80.37% over 200 continuous charge/discharge cycles at a current density of 80 mA cm™2. Additionally, it
demonstrated a capacity retention of 54% after 100 charge—discharge cycles. Furthermore, polarization
curve analysis and self-discharge experiments demonstrated a peak power density of 330.45 mW cm™
higher and a 1.3-fold slower self-discharge rate compared to the state-of-the-art Nafion-117® membrane
under identical conditions. These findings emphasize the potential of zeolite-based mixed matrix mem-
branes, utilizing Donnan exclusion, as a promising approach for enhancing the efficiency, durability, and
operational stability of VRFBs.

Large-scale deployment of redox flow batteries such as vanadium redox flow batteries (VRFBs) is a plausible solution to store and utilize intermittent renew-
able energy. Traditional separators in VRFBs are incapable of addressing the prominent inherent unmet issues i.e., the vanadium ion permeability across the
ion exchange membrane (IEM), resulting in capacity decay and reduced system efficiency. In recent years, the membrane research community has adopted

different strategies to counter the cross-contamination of the vanadium ions and boost the overall performance of the battery. The benefit of Donnan exclu-
sion has been considered by deployment of anion exchange membranes (AEMs) for VRFB. Unfortunately, AEMs have the limitation of low ionic conductivity
and questionable chemical stability in highly oxidative flow battery environment. Mixed matrix membranes also emerge as an effective approach to develop

high performance IEMs for VRFB. Herein, we report vanadium-encased ZSM-5 (40)-VO," zeolites into SPEEK polymer to obtain a mixed matrix membrane
which leverages Donnan exclusion to profoundly reduce excess vanadium ion crossover, ensuring long-term operational stability. This unique strategy of infil-
tration of positive charge with the nanostructure followed by incorporation in a functionalized polymer matrix is a facile yet effective solution for developing

ultra selective proton exchange membranes for VRFB applications.

1. Introduction
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density, flexible architecture, and long lifespan.’ Although
VRFBs have been demonstrated at the commercial scale, the
diffusion of vanadium ions across the two half-cells remains
an unresolved issue.”> To address this, different approaches
have been adopted to develop new ion-exchange membranes.
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These approaches involve membranes with proton selectivity
and/or Donnan exclusion.?

Proton-selective membranes, generally cation-exchange
membranes, are prepared by solvent evaporation and/or extru-
sion methods.* The development of membranes with Donnan
exclusion involves anion-exchange membranes with tuned
porosity, which selectively allows protons to pass through
while excluding vanadium ions. However, at the commercial
scale, perfluorinated membranes such as Nafion are dominant
due to their excellent electrochemical and physicochemical
properties, including exceptional oxidative stability in battery
environments.® Nevertheless, the high vanadium ion crossover
and high cost of these membranes have encouraged the search
for alternatives.® Efforts have been made to modify perfluori-
nated membranes, either in bulk or at the surface, to reduce
vanadium ion crossover; however, this has resulted in
increased areal resistance of the membranes. Chien-Hong Lin
et al. reported that a Nafion/amino-silica hybrid membrane
exhibited lower vanadium ion permeabilities for VO** and
VO," of 2.32 x 1077 ¢cm? min~! and 0.85 x 10~7 cm?® min™*
respectively. However, this modification also led to an increase
in area resistance to 3.45 Q cm?, higher than that of the pris-
tine Nafion-117® membrane.” This suggests that a trade-off
between ion permeability and ohmic resistance must be main-
tained to achieve membranes with optimal properties.®° This
has led to efforts in developing hydrocarbon-based cation-
exchange membranes, with particular interest in thermoplastic
engineering materials such as poly(ether ether ketone) (PEEK),
poly(ether sulfone) (PES), poly(phenylene oxide) (PPO), poly-
styrene (PS), poly(vinylidene fluoride) (PVDF), and polybenzi-
midazole (PBI). Although some encouraging results have been
reported, the issue of vanadium ion permeability has not yet
been adequately addressed.'®'*

Hydrocarbon-based anion-exchange membranes capitalize
on the Donnan exclusion principle to reduce vanadium ion
cross-contamination. However, their poor ohmic resistance
and chemical stability limit their utility."> Ohmic resistance
has been lowered by using pore-filled membranes, while
chemical stability has been enhanced with smart polymer
matrices like polypropylene and polytetrafluoroethylene.'®"*
Additionally, proton exchange membranes containing basic
functional groups have been extensively explored for VRFB
applications. Notably, Ning Shi et al. developed a high-temp-
erature proton exchange membrane for VRFB, representing
cutting-edge advancements in energy conversion and
storage.’> Among these, the 1.5% TPB-PBAP membrane exhibi-
ted exceptional long-term cycling durability, maintaining
stable EE after 300 cycles, the CE of the VRFB with the 1.5%
TPB-PBAP membrane remained unchanged at 98.9%, while its
EE showed only a slight decrease from 86.1% to 83.3%. Under
the same conditions, the CE of Nafion 212 was 97.7%, with its
EE decreasing from 84.5% to 81.6% after 300 cycles.
Furthermore, a similar group fabricated a poly(isatin tri-
phenyl) (PIT)-based membrane with a lactam structure and
devoid of ether bonds which was synthesized via superacid cat-
alysis. To improve ion transport, PIT is functionalized with
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both cationic and anionic side chains through ring-opening
reactions using glycidyl trimethylammonium chloride (GTA)
and 1,3-propane sultone (PS), resulting in an amphoteric mem-
brane. This tailored structure effectively suppresses hydrated
vanadium ion migration, enabling the VRFB assembled with
PIT-GTA to achieve an extended prolonged self-discharge dur-
ation of 289 h, significantly outperforming Nafion 115 (86 h).'®
Although this method could address VRFB challenges, a robust
membrane preparation method is still needed from a commer-
cial perspective. This has driven the development of mixed
matrix membranes, where hybridization of organic and in-
organic material properties addresses these issues."”

Mixed matrix membranes (MMMs) have been extensively
researched to modify the electrochemical and physicochemical
properties of membranes.'® By taking advantage of the flexi-
bility of organic matrices and the functional and thermal
stability of inorganic fillers, the properties of the membrane
can be tailored to meet specific requirements.'® In the prepa-
ration of ion-exchange membranes, commonly used inorganic
fillers include silica (SiO,), titanium dioxide (TiO,), zirconium
dioxide (ZrO,), and titanosilicates, owing to their inherent
proton-conducting ability and excellent thermal and chemical
stability.?*?" Other fillers, such as aluminum oxide, hexagonal
boron nitride, niobium disulfide, and tungsten trioxide, are
utilized for their high thermal stability.?>** Recently, porous
materials like zeolites, metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs) have been chosen for
their specific pore sizes and structural characteristics, which
enhance membrane performance.**** Zeolites, in particular,
have gained significant attention as fillers due to their ion
selectivity, which facilitate proton transport while preventing
vanadium ion diffusion. Recently, Xia et al.>*® employed a flow-
processing technique to prepare zeolite-based MMMs, aligning
zeolite nanosheet fillers in a preferred orientation within a
Nafion® polymer matrix. The resulting membrane exhibited
high proton conductivity (80.1 mS cm™') and excellent
vanadium ion selectivity (2.01 x 10° min ecm™>). A single-cell
VRFB assembled with the zeolite-Nafion® composite mem-
brane demonstrated high energy efficiency at an applied
current density of 200 mA cm ™. The same group later reported
a zeolite-SPEEK composite membrane by synthesizing cross-
linked zeolite nanosheets (ZN) functionalized with anionic
and cationic groups, followed by incorporation into a sulfo-
nated poly(ether ether ketone) (SPEEK) polymer matrix.>” The
resulting hybrid membranes exhibited significantly enhanced
proton selectivity over vanadium ions, achieving a coulombic
efficiency (CE) of 99.0% and an energy efficiency (EE) of 85.0%
at an applied current density of 120 mA cm™2, outperforming
both pristine SPEEK and the state-of-the-art Nafion-212®
under identical testing conditions. Cai et al.>® prepared MMMs
by incorporating ZSM-5 with varying Si-Al ratios into the
SPEEK matrix, achieving significantly enhanced ion transport.
The optimized membrane demonstrated superior perform-
ance, with a voltage efficiency (VE) of 85.7% and an EE of
85.1% at 120 mA cm ™2, Yang et al. developed a colloidal silica-
lite-Nafion composite membrane, leveraging sub-nanometer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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zeolitic pores to enhance proton selectivity while blocking
hydrated vanadium ions.”® Recently, our group reported that
proton-conducting zeolite significantly boosts proton conduc-
tion, thereby improving VRFB performance. The best-perform-
ing SPEEK-ZSM-5 (25) 2H" achieved an average CE of 97.0%
and an average EE of 78.0% over 300 charge/discharge cycles
at a current density of 80 mA cm>.*° The significant enhance-
ment in proton conduction and vanadium ion exclusion has
primarily relied on ion sieving through the pores of modified
zeolites. Herein, we report a vanadium ion-encased modified
zeolite to capitalize simple yet effective, ‘like repels like’ theory
in synergy with the ion sieving to achieve low vanadium diffu-
sivity. The modified zeolite was infiltrated into the SPEEK
polymer matrix to fabricate a high-performance membrane for
VRFB. This facile and innovative modification of zeolite is an
effective approach to substantially reduce the permeability of
vanadium ions across the membrane thereby enhancing the
overall efficacy of VRFB.

2. Experimental section
2.1 Materials

Poly(ether ether ketone) (PEEK), with an average molecular
weight (M,,) of approximately 85 000 and a polydispersity index
(PDI) of 2.64, was supplied by Solvay.*® N,N-
Dimethylacetamide (DMAc, 99%), isopropyl alcohol (IPA), and
sulfuric acid (H,SO,, 98%) were obtained from Qualigens
India. Vanadium oxychloride (VOCl;, 99%), vanadium(iv)
sulfate oxide hydrate (VOSO,-5H,0, 96%), vanadium(v) oxide
(98%), and vanadium(m) chloride (VCls, 97%) were purchased
from Alfa Aesar. Magnesium sulfate (MgSO,, 99%) and sodium
chloride (NaCl, 99.9%) were procured from Research Lab
India. The sodium forms of pentasil-type zeolite ZSM-5 (40)
were provided by Zeochem LLC, Uetikon, Switzerland.
Deionized (DI) water with a resistivity of 18.0 MQ cm was used
throughout the experiments.

2.2 Synthesis of vanadium encased zeolite samples

Vanadium-encased zeolite was prepared using an ion-exchange
method followed by thermal sintering. Briefly, ZSM-5 (40)-Na"
was treated with a 0.05 M acidic vanadium(v) oxide solution
(prepared by dissolving 0.05 M vanadium(v) oxide in a 2.0 N
sulfuric acid solution). The reaction mixture was stirred for
4 hours at 70 °C. To achieve maximum loading of vanadium
ions, the process was repeated four times. Subsequently, the
sample was washed with deionized water to remove excess
ions from the zeolite’s surface. The material was dried at 60 °C
for 12 hours and then at 120 °C for 24 hours, followed by calci-
nation at 550 °C for 10 hours with a ramp rate of 10 °C per
minute up to 550 °C. The obtained zeolite was labeled as
ZSM-5 (40)-VO,".

2.3 Preparation of SPEEK-based mixed matrix membrane

Before preparing the mixed matrix membrane, PEEK was sulfo-
nated in concentrated sulfuric acid as reported previously,*

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

and designated as SPEEK. The mixed matrix membrane was
prepared by physically blending ZSM-5 (40)-VO," with SPEEK.
Briefly, ZSM-5 (40)-VO," (100.0 mg) was dispersed in 5.0 mL of
DMAc using ultrasonication. Separately, a 10.0% SPEEK solu-
tion in DMAc was prepared. The zeolite dispersion was slowly
added to the SPEEK solution and stirred for 8 hours. The
resulting mixture was cast onto a glass plate and dried over-
night at 60 °C. The glass substrate was then submerged in de-
ionized water to peel off the membrane from the glass surface.
The resulting membrane was labeled as SPEEK-ZSM (40) VO,".
For comparative studies, SPEEK-ZSM (40) Na" and neat SPEEK
membranes were prepared using the same procedure, with
and without the addition of ZSM-5 (40)-Na", respectively. The
membranes were stored in a saline solution for further ana-
lysis and battery application.

2.4 Characterization

2.4.1 Degree of sulphonation. The degree of sulfonation
(DS) of the SPEEK polymer was determined via acid-base titra-
tion using a standardized 0.1 N NaOH solution in N,N-di-
methylformamide (DMF). A 0.5 g sample of SPEEK polymer
was dissolved in 10 mL of DMF, and the resulting solution was
titrated with NaOH, using phenolphthalein as an indicator.
The volume of NaOH required for neutralization was then
used to calculate the DS of the SPEEK polymer, as expressed in
the following eqn (1).*'

0.291 X MNaOH X VNaOH
W — 0.081 x MNaOH X VNaOH

DS = X 100 (1)
where V(naomn) is the volume of the NaOH solution used for
neutralization (mL), and Myaom), is the molarity (mol L™ of
the standard NaOH solution. W is the mass of SPEEK polymer,
the molecular weight of a single repeating unit of PEEK
polymer is 291 g mol™" and the molecular weight of the sul-
phonic acid (SO;H) functional group is 81 g mol ™.

The DS was determined to be 38.64% using this method.

2.4.2 Water uptake (WU). The membrane’s water uptake
(WU) was determined using the gravimetric method. A mem-
brane piece (2 x 2 cm) was immersed in DI water for 24 h, and
its wet weight (Mye.) was determined after wiping off excess
surface water. After drying the membrane at 60 °C for 24 h,
then dry weight (Mg,y) was measured. Water uptake (%) was
calculated using the following eqn (2):**

Myer — Mdry
My

WU = (2)

2.4.3 Ion exchange capacity (IEC). The Ion Exchange
Capacity (IEC) is a crucial parameter that quantifies the
number of exchangeable functional groups in a membrane. Its
estimation involves proton exchange with sodium ions, fol-
lowed by acid-base titration. Initially, three identical mem-
brane samples (2 x 2 cm) are treated with 1.0 M HCI for
24 hours to convert all ion-exchange sites to the proton (H')
form, ensuring consistent starting conditions for IEC measure-
ment. Subsequently, the membrane pieces are immersed in a
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1.0 M NacCl solution for 24 hours, allowing the H' ions to be
exchanged with Na* ions from the solution. The concentration
of H' ions in the solution is then determined by titration
against a standardized NaOH solution, using phenolphthalein
as an indicator. The volume of NaOH consumed during titra-
tion is used to calculate the IEC of the membrane, as
expressed in eqn (3).*

CxV
IEC =

May (3)
where C represents the concentration of solution present in
the burette, V is the volume consumed during titration, and
Mg,y is the dry weight of the membrane.

2.4.4 Ionic conductivity. The membrane’s conductivity was
evaluated through impedance spectroscopy measurements
carried out using a custom-built conductivity cell with an
active area of 1.0 cm”. These measurements were performed
with a CHI 700E potentiostat/galvanostat. The membrane re-
sistance was extracted from the simulated circuit model, and
this resistance was subsequently used to calculate the mem-
brane’s conductivity, as per eqn (4).>*

L
o=
RXxA

(4)

Here, o represents the conductivity in Siemens per centi-
meter (S cm™"), L denotes the distance between the electrodes,
which corresponds to the membrane thickness (cm), A is the
active area of the membrane (cm?), and R (Q) is the measured
resistance of the membrane.

2.4.5 Spectroscopy characterization. The surface mor-
phology of the materials and membranes was thoroughly ana-
lyzed using a JEOL JEM 7100F Field Emission Scanning
Electron Microscope (FESEM). The integrity of the crystallo-
graphic structure of the zeolite was determined using an
Empyrean-Analytical Powder X-ray Diffraction (XRD) instru-
ment. The thermal behavior of the membranes was assessed
through Thermogravimetric Analysis (TGA) utilizing a
NETZSCH TG 209F1 Libra TGA instrument. The experiments
were conducted under a controlled inert atmosphere, with
TGA analysis involving heating the membrane from ambient
temperature to 800 °C in nitrogen. The glass transition temp-
erature of the membranes was determined using Differential
Scanning Calorimetry (DSC) with a NETZSCH instrument,
conducted over a temperature range of 25 °C to 250 °C.
Mechanical properties, including tensile strength and elas-
ticity of the membranes, were evaluated using a Zwick Roell
BT-FR 2.5TH 40 Universal Testing Machine (UTM). Surface
area and pore characteristics were investigated using a
Micromeritics Smart VacPrep system, followed by detailed ana-
lysis with a Micromeritics 3 Flex version 4.03 instrument. The
membrane underwent a thorough 4 hour degassing process at
250 °C to ensure accuracy in determining surface area, pore
size, and pore volume; an important parameters for its func-
tional performance. The elemental composition of zeolite
samples was analyzed via X-ray Photoelectron Spectroscopy
(XPS) using an ESCALAB instrument. Vanadium metal ion con-
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centrations were quantified through Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) using Thermo Scientific’s
iCAP RQ device, providing precise measurements of elemental
states and concentrations within the membrane.

2.5 Vanadium ion permeability study

The diffusion of vanadium ions across the membrane was
investigated using a conventional two-compartment cell setup,
as reported in the literature.>® To maintain charge balance in
the solution, as previously reported for VO**, the system con-
sisted of (VO*': 1 M VOSO, + 1.6 M H,S0,||1 M MgSO, + 1.6 M
H,S0,). Similar procedures have been applied in studies invol-
ving other vanadium ions, such as VO," and V**.> The solu-
tions in both compartments were stirred using magnetic beads
to reduce the concentration polarization effect at the membrane
surface. Vanadium ion permeability was quantified by monitor-
ing concentration changes over time using inductively coupled
plasma (ICP) analysis of periodically collected samples.

2.6 Single-cell VRFB performance

The battery performance of the prepared composite mem-
branes was rigorously examined using a single-cell redox flow
battery with a 25 ¢cm® active area, utilizing a battery testing
setup from Neware. In this study, equal concentrations and
volumes of positive (1.0 M VO** in 30 mL of 2.0 M H,SO,) and
negative (1.0 M V** in 30 mL of 2.0 M H,S0,) electrolytes were
continuously circulated at a flow rate of 50 mL min~". Key per-
formance parameters, including coulombic efficiency (CE),
voltage efficiency (VE), energy efficiency (EE), and capacity
retention, were calculated based on  established
methodologies.’?° The self-discharge behavior of the mem-
brane was also assessed at 100% state of charge (SOC) using a
12 em” active area battery cell. The battery was initially
charged at 1.6 V and 20 mA cm ™2, then allowed to self-dis-
charge until the voltage decreased to 1.0 V. Polarization curves
were recorded using a custom-built flow battery cell with a
12 cm® active membrane area. The battery cell was fully
charged at a current density of 50 mA cm™> to achieve a 100%
SOC. Subsequently, controlled discharge experiments were
conducted across a range of current densities from 25 to
475 mA cm™2, with the cell potential monitored at each dis-
charge step.

3. Results and discussion

Before the preparation of the mixed matrix membrane, zeolite
(ZSM-5 (40)-Na') and its modification with vanadium ions
(ZSM-5 (40)-VO,") were thoroughly characterized for their
structural integrity. Fig. 1 presents the powder XRD diffracto-
grams of ZSM-5 (40)-Na' and ZSM-5 (40)-VO,", along with the
corresponding JCPDS file number (JCPDS: 44-0003).>°

The identical peak positions for the majority of peaks indi-
cate that the structural integrity of the material remained
intact even after repeated ion exchange and thermal
treatment.®’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Depicts the XRD pattern for ZSM-5- (40) with Na* and ZSM-5-
(40) with VO,™*.

The presence of vanadium (VO,") ions in the extraframe-
work of ZSM-5 zeolite was confirmed by X-ray Photoelectron
Spectroscopy (XPS). Fig. 2(a-d) shows the XPS spectra of ZSM-5
(40)-Na" and ZSM-5 (40)-VO,". The ZSM-5 (40)-Na" exhibited
peaks at 103 eV (Si 2p orbital) for silicon (Fig. 2a), at 74 eV
(Al 2p orbital) for aluminium (Fig. 2b), and 530 eV and
532.5 eV in the O;, spectrum (Fig. 2c) for oxygen, confirming
their presence.*® The two types of oxygen come from Si-O and
Al-O bonds. The oxygen bonded to silica was assigned to
532.5eV, while the oxygen bonded to aluminium was assigned
to 530.8 eV. Additionally, a peak at 1072 eV corresponds to the
Na;, orbital, indicating the presence of sodium ions in the
extraframwork sites of the zeolite (Fig. 2d).*° Fig. 2(e-h) illus-
trates the XPS spectra of the VO,"-exchanged ZSM-5 zeolite,
showing the presence of vanadium(v) alongside silicon (Si),
aluminum (Al), and oxygen (O). The XPS analysis reveals a sig-
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nificant peak at 516.5 eV, corresponding to the V2p;,, orbital,
indicating the presence of a V°* oxidation state (Fig. 2h).*® The
Si,p, peak at 103 eV and the Al,, peak at 74 eV*' remain consist-
ent with those of ZSM-5 (40)-Na" (Fig. 2e and f), suggesting
that the silicon and aluminium environments are largely
unaffected by the ion exchange process. Interestingly, a new
peak was observed in the Oj4 spectrum (Fig. 2g) at 529 eV,
corresponding to the V-O bond.*?

This indicates that V°* is present in the VO," form.**The
uniform distribution of VO,* throughout the zeolite was visual-
ized by SEM analysis combined with elemental mapping.
Agglomerated particles with a typical morphology of ZSM 5**
and an average particle size of 1pm were observed in the SEM
images (Fig. 3a and e). No structural damage or degradation of
the particles was observed after ion exchange followed by
thermal sintering in ZSM-5 (40)-VO,", indicating the robust-
ness of the methodology and the structural integrity of the
zeolite (Fig. 3b and f). Elemental mapping confirms the substi-
tution of Na' jons in the extraframwork with VO," ions.
(Fig. 3h), with a weight percentage of 2.30%. This value is
higher than the expected amount for vanadium species repla-
cing sodium ions, possibly due to VO," species within the pore
volume or free space in the zeolite. ESI Fig. 1a, b, and cf vali-
date the presence of Si, Al, and O in ZSM-5 (40)-Na', with its
overall elemental composition determined as 1.29 wt%
sodium (Na), 38.55 wt% silicon (Si), 1.79 wt% aluminum (Al),
and 58.38 wt% oxygen (O) (Fig. 3c and d). Similarly, elemental
mapping in ESI Fig. 1d, e, and {7 confirms the distribution of
Si, Al, and O in ZSM-5 (40)-VO,", with corresponding weight
percentages of 37.55% for Si, 1.02% for Al, and 59.13% for O
(Fig. 3g). This combined data offers a comprehensive sight of
the elemental distribution and confirms the uniform presence
of these elements within the ZSM-5 framework. Additionally,
the integrity of the zeolite after chemical modification was
evaluated based on changes in surface area, pore size, and
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ively. (e), (f), (g), and (h) represent the elemental composition of ZSM-40-VO,™ for Si, Al, O, and VO,*, respectively.
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Fig. 3 SEM images and elemental mapping of zeolite samples: (a) SEM Image of ZSM-5 40-Na*; (b) elemental mapping of ZSM-5 40-Na*; (c) table
elemental mapping of ZSM-5 40-Na*; (d) elemental mapping of Na in ZSM-5 40-Na™*; (e) SEM Image of ZSM-5 40-VO,*; (f) elemental mapping of
ZSM-5 40-VO,*; (g) table elemental mapping of ZSM-5 40-VO,*; (h) elemental mapping of VO,* in ZSM 5 40-VO,™.

pore volume. Table 1 shows the measured values for surface
area, pore volume, and pore size. The ZSM-5 (40)-Na' had a
pore size of 4.2 nm and a surface area of 352.6 m”> g~ ', whereas
ZSM-5 (40)-VO, 'showed a pore size of 4.8 nm and a surface area
of 387.0 m> g”. The increase in pore size and surface area for
the vanadium-modified zeolite can be attributed to the expan-
sion of the zeolite framework by VO," ions. The introduction of
VO," ions promotes the reorganization of structure to maintain
stability.*> This reorganization increases pore size due to the
creation of vacancies or defects, leading to a more open frame-
work.*® However, the expansion is relatively small, which helps
maintain the structural integrity of the zeolite.

Following the confirmation of the formation of ZSM-5 (40)-
VO,", a mixed matrix membrane was prepared by simply phys-
ically blending ZSM-5 (40)-VO,'with SPEEK. This membrane
was designated as SPEEK-ZSM 40 VO,". For comparison pur-
poses, neat SPEEK and a mixed matrix membrane of SPEEK and
ZSM-5 (40) Na', designated as SPEEK-ZSM 40 Na', were also pre-
pared and evaluated under identical experimental conditions.

Fig. 4 presents the characterization of the prepared mem-
branes: (a), (b), and (c) show the optical images of SPEEK-48,
SPEEK-ZSM 40 Na', and SPEEK-ZSM 40 VO,’, respectively. All
three membranes exhibit a homogeneous, compact, and dense
structure. The pure SPEEK-48 membrane appears colourless,
while the composite membranes show a colour change to
white for SPEEK-ZSM 40 Na' and yellow for SPEEK-ZSM 40

Table 1 Specific Surface Area, Pore Volume, and Average Pore Size of
ZSM-5 Zeolite Samples

Specific area Pore volume Pore size
Zeolite code (m?>¢g™) (em® g™) (nm)
ZSM-5 (40)-Na* 352.6 0.148 4.2
ZSM-5 (40)-VO," 387.0 0.145 4.8
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VO,", indicating successful modification. Furthermore, the
SEM analysis (a’, b’, and ¢') highlights the strong compatibility
between SPEEK and the zeolite, as evidenced by the uniform
dispersion of zeolite particles throughout the polymer matrix
without significant phase separation.”” This compatibility
arises from the chemical interactions between the sulfonic
acid groups of SPEEK and the surface functional groups of the
zeolite, promoting effective adhesion at the polymer-filler
interface. The absence of voids or agglomeration in the SEM
images further supports the homogeneous distribution of the
filler, indicating good interfacial bonding.*® The EDX analysis,
shown in (a”), (b”), and (c”), confirms the incorporation of
zeolite into the SPEEK polymer matrix by detecting character-
istic elemental signals. This strong compatibility not only
enhances the membrane’s structural integrity but also ensures
efficient ion transport pathways, crucial for VRFB application.
The evaluation of the membranes began with measure-
ments of ion exchange capacity (IEC) and water content (WU).
SPEEK-48 exhibited an IEC of 1.25 meq g~ ', which was higher
than SPEEK-ZSM 40 Na® (1.15 meq g~ ') and SPEEK-ZSM 40
VO," (1.11 meq g '). The lower IEC value for SPEEK-ZSM 40
VO," was attributed to non-exchangeable VO," ions occupying
the exchangeable proton sites, reducing the accessibility of ion
exchange sites.*® This is further confirmed with ESI Fig. 21 by
XPS analysis of the SPEEK-ZSM 40 VO," membrane, which
suggests that vanadium ions are anchored at the sulfonic acid
sites within the SPEEK backbone, as evidenced by the observed
shifts in binding energy, indicating their coordination and
interaction within the polymer matrix. The ESI Fig. 2 a, b, and
ct indicating V,,, Os, and S,, peaks respectively, suggest
changes in the electronic environment due to vanadium
coordination with sulfonic (-SO;H) groups in SPEEK. The O
peaks at 532.29, 532.25, 531.29, and 533.29 eV suggest contri-
butions from sulfonic acid, water, and vanadium-oxygen inter-
actions, with shifts compared to pure SPEEK implying

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a), (b), and (c) present the optical images of the prepared membranes: SPEEK-48, SPEEK-ZSM 40 Na*, and SPEEK-ZSM 40 VO,* respectively.

The corresponding surface morphologies are shown in (a’), (b’), and (c), while (@”, (b”), and (c”) display the EDX analysis of the SPEEK-48,

SPEEK-ZSM 40 Na*, and SPEEK-ZSM 40 VO," membranes, respectively.

vanadium incorporation.’® The V,, peaks, if slightly shifted
from standard vanadium oxides, further support vanadium-
sulfonic interactions through electron donation. The shift in
binding energy from ~163 to 168 eV in the S,, peak may
confirm the presence of a new chemical environment, indicat-
ing vanadium binding through ion exchange or coordination
while maintaining the sulfate structure.”® These binding
energy shifts collectively indicate S-O-V interactions, reinfor-
cing vanadium’s integration into the SPEEK matrix, which
could enhance ion transport properties in VRFB. A similar
trend was observed for water uptake, with SPEEK-48 exhibiting
38.0% WU, while SPEEK-ZSM 40 Na' and SPEEK-ZSM VO,"
exhibited WU of 32.0% and 30.0%, respectively. It followed the
measurement of ionic conductivity of the membranes in de-
ionized (DI) water and 0.1 M H,SO,. The impedance spectra
are presented in (ESI Fig. 31). From these spectra, the calcu-
lated ionic conductivity values were 4.69, 6.25, and 8.33 mS
em™" for SPEEK-48, SPEEK-ZSM 40 Na', and SPEEK-ZSM 40
VO," in DI water, respectively. In 0.1 M H,SOy,, the conductivity
values increased to 10.30, 16.00, and 18.18 mS cm™' for
SPEEK-48, SPEEK-ZSM 40 Na', and SPEEK-ZSM 40 VO,",
respectively. In the case of ion-exchange membranes, the water
content and IEC usually exhibit a linear relationship with ionic

© 2025 The Author(s). Published by the Royal Society of Chemistry

conductivity i.e., as IEC and water content increase, ionic con-
ductivity typically increases. However, this trend is contra-
dicted in the present study. With the addition of zeolite, the
decrease in IEC and water content was due to the reduction in
exchangeable protons, as VO," occupied the exchangeable
proton sites. The increase in conductivity is associated with
proton conduction through VO," ions residing in defined ion-
conducting channels. It is well established in the literature®?
that the exfoliated layers of V,05 form ion channels with excel-
lent nanofluidic transport properties, exhibiting remarkable
proton conductivity (~0.01 S cm™"). The activation energy for
proton conduction (0.066 eV) through V,05 suggests a high
mobility of H" ions (5.2 x 10~ em® V™' s7') within the ion
channels, facilitated by the coordinated hopping of protons
between water molecules arranged in a two-dimensional struc-
ture. This may contribute to the observed increase in
conductivity.

Fig. 5a shows the thermal stability of the mixed matrix
membranes, which undergo degradation in three distinct
steps. The first degradation, occurring at around 150 °C, is
associated with the loss of bound and trapped water molecules
in the membrane. The SPEEK- 48 membrane exhibited a
weight loss of ~10%, while the SPEEK-ZSM 40 Na' and

EES Batteries, 2025, 1, 511-526 | 517
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analysis.

SPEEK-ZSM 40 VO," membranes showed 8.2% and 8.4%,
respectively. The lower weight loss in the mixed matrix mem-
branes is attributed to the retention of intercrystallite water by
the zeolite molecules.>® The second weight loss was observed
beyond 300 °C and is attributed to the desulfonation of the
polymer matrix. The SPEEK-48 membrane exhibited a weight
loss of at ~300 °C, whereas the mixed matrix membranes
exhibited weight loss beyond ~380 °C. The increased tempera-
ture of the second weight loss is due to interactions between
the silica-alumina framework of the zeolite and the sulfonic
acid groups of the polymer matrix. The third degradation step
involves the breakdown of the polymer backbone, occurring
beyond 400 °C. SPEEK-48 begins to degrade around 400 °C,
while the mixed matrix membranes show delayed degradation,
with an onset temperature of approximately 590 °C due to the
presence of zeolite filler. Fig. 5b shows the DSC analysis of the
membranes. The observed glass transition temperatures (Ty)
are 165 °C, 165.5 °C, and 165.9 °C for the SPEEK-48,
SPEEK-ZSM 40 Na®, and SPEEK-ZSM 40 VO," membranes,
respectively. This indicates that the zeolite filler has a negli-
gible effect on the T, of the membrane, but it may substan-
tially enhance thermal stability.

- (@) Oxidative stability study
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Fig. 6
H,SO4. (b) UTM analysis of the membrane after oxidative stability testing.
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(a) Weight and dimension change study of the SPEEK-48, SPEEK-ZSM 40 Na* and SPEEK-ZSM 40 VO,* immersed in VO,*
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Indicating (a) thermal stability of the membrane via thermogravimetric analysis; (b) DSC (c) mechanical strength of the membrane via UTM

Fig. 5c shows the stress-strain properties of the mem-
branes. The SPEEK-48 membrane exhibited a tensile strength
of 42.39 MPa and a strain of 51.66%, while the SPEEK-ZSM 40
Na' membrane showed a tensile strength of 43.56 MPa and a
strain of 20.56%. The SPEEK-ZSM 40 VO, membrane demon-
strated a tensile strength of 47.26 MPa and a strain of 28.83%.
The observed increase in mechanical strength of the SPEEK-
zeolite composite membranes can be attributed to the for-
mation of hydrogen bonds between the sulfonic acid groups
(-SO;H) in the SPEEK polymer and the hydroxyl groups on the
surface of the zeolite particles.”® These hydrogen bonds result
in strong interfacial interactions, enhancing the adhesion
between the polymer matrix and the filler, thereby improving
the overall mechanical properties of the membrane.

The oxidative stability of the membranes was evaluated by
immersing them in a 1.5 M VO," solution in 2.0 M H,SO, and
monitoring changes in weight and dimensions every 24 hours
for 20 consecutive days. Detailed data on the weight and
dimensional changes of the membranes, along with the
measured IEC, WU, and mechanical strength after the oxi-
dative stability test, are presented. Fig. 6(a) observed changes
in weight and dimensions were 17.90% and 15.64%, 12.65%

After 20 days
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Engineering Stress (MPa)
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and 13.8%, 9.3%, 7.8% for the SPEEK-48, SPEEK-ZSM 40 Na*,
and SPEEK-ZSM 40 VO," membranes, respectively. The observed
increase in both weight and dimensions can be attributed to
the adsorption or exchange of VO," ions with the sulfonic acid
groups of the membrane. As VO,'has a significantly higher
molecular weight than protons (H'), this ion exchange leads to
a noticeable increase in membrane mass, particularly during
the initial stages of immersion.*** These results suggest that
the zeolite filler does not adversely affect membrane stability
and slightly decreases weight change. This is due to the repul-
sive interactions between the VO, ions in the membrane
matrix and solution.® The encapsulated vanadium in the
zeolite repels the external vanadium ions, protecting the
polymer backbone from degradation and thereby enhancing oxi-
dative and thermal stability. Fig. 6(b) shows the stress-strain
curves of the membranes following the oxidative stability study.
The SPEEK-48 membrane exhibited a significant reduction in
tensile strength from 42.39 MPa to 27.45 MPa, along with a
decrease in strain from 51.66% to 22.99%, representing approxi-
mately 35.24% loss in mechanical strength. In contrast, the
SPEEK-ZSM 40 Na' and SPEEK-ZSM 40 VOZ+ membranes
showed tensile strengths and strains of 37.97 MPa and 20.98%,
and 40.53 MPa and 36.15%, respectively, indicating only about
~13% and 14% decrease in mechanical strength.

These results suggest that the incorporation of ZSM-5
40-Na" and ZSM-5 40-VO," into the membrane matrix signifi-
cantly enhances its oxidative stability. (Fig. 7) illustrates the
infiltration of ZSM-5 (40)-VO," into the SPEEK polymer matrix,
highlighting the Donnan exclusion of vanadium ions while
allowing selective proton permeation. This effect is more pro-
nounced for the ZSM-5 40-VO,", likely due to repulsive inter-
actions, specifically Donnan exclusion, between the VO," ions
present in the solution and in the membrane matrix. Table 2
presents the IEC and WU values of the membranes after the
oxidative stability test. A SPEEK-ZSM-5 40-VO," membrane
shows decrease of approximately 18% in IEC and 6% in WU
was observed. The observed decreases in IEC and WU are pri-
marily attributed to fouling of the polymer matrix by VO,"

View Article Online
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Table 2 Represents the IEC and WU of the SPEEK membranes pre and
post-oxidative stability

Pre-oxidative Post oxidative

stability stability

IEC WU 1IEC WU
Membranes (meq g7) (%) (meq g7) (%)
SPEEK-48 1.25 38 0.91 29
SPEEK-ZSM 40 Na* 1.15 32 0.87 27
SPEEK-ZSM 40 VO," 1.11 30 0.90 28

molecules, which occupy the exchangeable proton sites of the
sulfonic acid groups, affecting both IEC and WU. Unlike
protons, VO," ions do not participate in ion exchange pro-
cesses, resulting in a lower IEC. Furthermore, the presence of
vanadium species in the polymer matrix reduces its ability to
absorb water, thereby decreasing the WU.>

3.1 Vanadium ion permeability
Understanding the detailed behavior of vanadium ion
diffusion through membranes is crucial for optimizing the
performance of a VRFB (Vanadium Redox Flow Battery). The
vanadium ion diffusion coefficients were evaluated in a two-
compartment cell, as reported in our earlier study,’® and the
corresponding data are presented in Table 3. The SPEEK-ZSM
40 VO," membrane exhibited diffusion coefficients of 3.93 x
1077, 5.12 x 1077, and 2.98 x 10~7 ecm? min~* for V**, vO**, and
VO, "ions, respectively. These values are lower than those for
the SPEEK-48 and SPEEK-ZSM 40 Na' membranes, which

Table 3 Vanadium ions diffusion coefficient across the membranes

V3+ V02+ VOZ+
Membranes (em?® min™) (em® min™) (cm?® min™)
SPEEK-48 3.55x107° 4.88x107° 3.13x107°
SPEEK-ZSM (40) Na* 412x1077 5.39 x 1077 3.85x 1077
SPEEK-ZSM (40) VO,*  3.93x 1077 5.12x 1077 2.98x 1077

ZSM 5 (40) VO,

Hydrated vanadium ion

R

&

Hydronium ion

Fig. 7 Cartoon presentation of the ZSM-5 40-VO,* zeolite demonstrating Donna exclusion of vanadium ions and selective permeation of protons.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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showed diffusion coefficients of 3.55 x 107, 4.88 x 107°, and
3.13 x 107% ecm?® min™", as well as 4.12 x 1077, 5.39 x 10~7, and
3.85 x 1077 ecm?® min~" for V**, VO**, and VO," ions, respect-
ively. These values are lower than those of Nafion-117®, which
exhibited a vanadium ion diffusion coefficient of 5.73 x 107°
em? min~".*” Yun Li et al reported a coefficient of 4 x 107°
cm® min~" for polyether sulfone membranes. The addition of
PVP in casting solutions increased membrane porosity, redu-
cing area resistance and improving vanadium ion per-
meability. Wenping Wei et al. fabricated PVDF/M-23-125 mem-
branes with a lower diffusion coefficient (7.9 x 1077 cm?
min~"), while Lihui Wang et al. reported a similar value for
polybenzimidazole-based membranes (5.74 x 10”7 cm® min™%).
This suggests that the synthesized mixed matrix membrane
demonstrates excellent proton selectivity over hydrated
vanadium ions."" The reduced diffusion coefficients for the
SPEEK-ZSM 40 VO," membrane can be attributed to the syner-
gistic effects of proton selectivity and Donnan exclusion. The
zeolite pores selectively restrict the movement of ions but
allow protons to pass through, while VO," ions experience
Donnan exclusion of vanadium ions. The diffusion behaviour
of VO," ions have been widely explored in the literature, largely
due to the formation of neutral VOSO, complexes, which face
minimal repulsion from the charged membrane matrix,
enabling easier diffusion.’® However, in the case of the
SPEEK-ZSM 40 VO," membrane, significant repulsion is
observed, resulting in lower diffusion coefficients.

3.2 Single-cell VRFB performance

Before evaluating battery performance, the polarization curve
of the membrane was recorded to illustrate the relationship
between cell voltage and current density. Fig. 8(a) presents the
polarization curves for Nafion-117®, SPEEK-48, SPEEK-ZSM 40
Na', and SPEEK-ZSM 40 VO," membranes, demonstrating the
combined losses of the cell: namely, losses associated with
activation, concentration polarization, and mass transfer,>
which strongly influences the membrane’s polarization curve.
The observed peak power density for Nafion-117®, SPEEK-48,
SPEEK-ZSM 40 Na“, and SPEEK-ZSM 40 VO," membranes was
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285.75, 293.25, 305.91, and 330.45 mW cm™ >, respectively. The
elevated peak power density of the SPEEK-ZSM-40 VO," mem-
brane is attributed to improved proton conductivity in the
acidic electrolyte of the VRFB. This high proton conductivity is
induced by the membrane’s structure, which facilitates
efficient proton transport through its zeolitic channels.
Fig. 8(b) presents a comparative analysis of self-discharge for
SPEEK-48, SPEEK-ZSM 40 Na', SPEEK-ZSM 40 VO,", and
Nafion-117® membranes at 100% state of charge. The time
taken for complete discharge of the cell was 401, 408, 476, and
533 minutes for Nafion-117®, SPEEK-48, SPEEK-ZSM-40 Na®,
and SPEEK-ZSM-40 VO," membranes, respectively. These
values align with the diffusion of vanadium ions across the
membranes. The longer discharge time of 533 minutes for the
SPEEK-ZSM-40 VO," membrane is associated with its lower
diffusion coefficient. The vanadium-encased zeolite within the
SPEEK matrix plays a pivotal role in reorganizing the ionic
pathways. It enhances proton selectivity and creates a more tor-
tuous path for hydrated vanadium species through the SPEEK
matrix, effectively reducing vanadium ion crossover. The extra-
framwork vanadium ions within the zeolite amplify Donnan
exclusion effects, limiting excessive diffusion of vanadium
ions. Additionally, by adsorbing hydrated vanadium ions onto
the sulfonic acid sites of the SPEEK matrix, the vanadium-
encased zeolites create competition for charge-balancing sites,
effectively reducing self-discharge in the battery.*°

The performance of the membranes in the VRFB was evalu-
ated using a single cell with an effective area of 25 cm”. Fig. 9
presents the rate performance of the membranes at various
current densities. The data suggest that at higher current den-
sities, the shortened charge-discharge time aids in restricting
the movement of excess vanadium ions across the membrane,
thereby minimizing undesired crossover between half-cells
and enhancing CE. Since ion diffusion is a major contributor
to capacity loss, the reduced diffusion of vanadium ions at
higher current densities minimizes self-discharge, decreases
energy losses, and ultimately enhances CE.>® A comparison of
CE in Fig. 8a shows that the Nafion-117® membrane exhibits
lower CE compared to the SPEEK-48, SPEEK-ZSM 40 Na', and

(b)

~

Voltage (V)

——SPEEK-ZSM 40 VO™

—o—SPEEK-ZSM 40 Na™
—o—Nafion-117
—a—SPEEK-48

200 300 400
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Fig. 8 Single cell performance VRFB (a) shows the polarization curve and (b) self-discharge study of the SPEEK-Zeolite composite membrane along

with Nafion-117® membrane.

520 | EES Batteries, 2025, 1, 511-526

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4eb00023d

Open Access Article. Published on 10 April 2025. Downloaded on 8/2/2025 1:18:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Batteries

(b)

View Article Online

Paper

(c)

T srEexas .
e : - 874 82
S gg |9 spEEK-ZS ) o |z 9 -~
» SPEEK-ZSM 40VO, » o QR $ 50
[rd A 2 A 84 ~Q. <
E 96 {9 Nafoell A o z 'c, 78 """0_
= £ g . e
= 94 2 T 764
N & = :
2 @ ;g 4 < 74 9
= o o EEK o " .
- ] T NN [
S " =° 75 4 e g “1 —9—speEx-zZSM 40N
o S SPEEK-ZSM 40 VO, = ’ -
2 04 & SPEEK-ZSM 40VO,
s8] o—2 72{ -~ Nfiea-ll 5] O Nafiesw
X v T T T T H T T T T T T T T T T T T g ¥
20 40 60 80 100 120, 140 20 60 80 100 120 . 140 20 40 60 80 100 120 140

Current density (mA cm'z)

40
Current density (mA cm‘z)

Current density (mA cm™)

Fig. 9 Shows the rate performance of SPEEK-Zeolite composite membrane along with Nafion-117 Membranes: (a) coulombic efficiency, (b) voltage

efficiency, (c) energy efficiency at 20 to 140 mA cm™2 current density.

SPEEK-ZSM 40 VO," membranes, consistent with their respect-
ive diffusion coefficient values. The high CE values observed
for the SPEEK-ZSM 40 VO, membranes at current densities of
20, 40, 60, 80, 100, 120, and 140 mA cm™2 are 94.2%, 95%,
96%, 97.2%, 97.8%, 98.5%, and 99.2%, respectively. In con-
trast, the lower CE of the Nafion-117® membrane can be
attributed to its well-defined, non-selective cation-conducting
channels, which contribute to its reduced efficiency in ion
selectivity. Nevertheless, these defined ion-conducting chan-
nels are absent in SPEEK-48 and the zeolite-filled membranes.
Additionally, the presence of zeolite, without compromising
ion selectivity, enhances ion transport across the membrane,
resulting in higher CE values.®®

Fig. 9(b) and (c) show the voltage efficiency (VE) and energy
efficiency (EE) of the membranes. As expected, VE decreases
with increasing current density due to the increase in ohmic
resistance of the membranes.®’ The best-performing mem-
brane, SPEEK-ZSM 40 VO,", had VE values of 87%, 86%, 84%,
82%, 79%, 77%, and 75% at current densities ranging from 20
to 140 mA cm > This data suggests that the addition of VO,"
exchanged zeolite enhances both selectivity and proton trans-
port across the membrane. The energy efficiency (EE), which is
the product of CE and VE, follows the same trend as VE.
Correspondingly, the EE measured at these current densities
was 81.90%, 81.70%, 80.60%, 79.70%, 77.20%, 75.80%, and
74.80%, respectively. The increased VE in VRFB is primarily
due to the selective transport of protons over vanadium ions
through the SPEEK-ZSM 40 VO," membrane. The engineered
pore size of the zeolite allows smaller protons to pass while
blocking larger vanadium ions, minimizing crossover. The
shorter ion transport path the zeolite provides enhances
proton conduction, further improving VE by maintaining a
stable and efficient battery operation.

Following the rate performance evaluation, a long cycling
test was conducted at a current density of 80 mA cm™>. Fig. 10
shows the results of 200 galvanostatic charge/discharge cycles
for SPEEK-48, SPEEK-ZSM 40 Na‘, SPEEK-ZSM 40 VO,*, and
Nafion-117® membranes under identical experimental con-
ditions. The data reveal that the SPEEK-ZSM 40 VO," mem-

© 2025 The Author(s). Published by the Royal Society of Chemistry

brane outperformed the others, with an impressive average CE
of 97.94% and EE of 80.37% (Fig. 10(c)). The corresponding
capacity retention was 54% over the first 100 charge-discharge
cycles (ESI Fig. 4at). Under the same experimental conditions,
SPEEK-48, SPEEK-ZSM-40 Na®, and Nafion-117® membranes
exhibited CE values of 93.45%, 94.81%, and 90.89%, and EE
values of 73.36%, 75.38%, and 72.90%, respectively (Fig. 10(a),
(b), and (d)). The corresponding capacity retention (ESI
Fig. 4at) was 23%, 44%, and 13% for SPEEK-48,
SPEEK-ZSM-40 Na*, and Nafion-117® membranes over the first
100 charge-discharge cycles. Further, (ESI Fig. 4bt) illustrating
capacity retention over time across 200 charge-discharge
cycles demonstrates that the SPEEK-ZSM 40 VO, membrane
exhibits outstanding cycling stability, sustaining a perform-
ance for ~1074 minutes. This surpasses the cycling durations
of other membranes, including SPEEK-ZSM 40 Na' (827 min),
SPEEK-48 (723 min), and Nafion-117® (673 min). These results
highlight its superior stability and prolonged operational life-
span, which are vital for real-world applications in energy
storage. Fig. 11(a), (b), (c), and (d) illustrates the overlapping
charge-discharge curves for the 1%, 100", and 200" cycles,
demonstrating excellent capacity retention for the SPEEK-ZSM
40 VO," membrane. The superior performance of the
SPEEK-ZSM 40 VO," membrane is attributed to the presence of
VO," ions at the exchange proton sites of the zeolite.
Compared to the values in the literature, the CE and EE of
this membrane were similar to the best-performing mem-
branes reported. Fig. 12(a) and (b) present the CE and EE
values of mixed-matrix membranes reported in the literature
over the last decade, alongside those of the SPEEK-ZSM 40
VO," membrane. Yongsheng Xia et al. developed a molecularly
cross-linked two-dimensional zeolite nanosheet (ZN) compo-
site by incorporating ZN into a SPEEK matrix through acid-
base interactions, achieving an exceptional CE of 99% and EE
of 85% at a current density of 120 mA cm™>.*” Similarly, Jun
Liu et al. synthesized a branched sulfonated polyimide (bSPI)
composite membrane with sulfonated multi-wall carbon nano-
tubes (s-MWCNTSs) as the filler, achieving a CE of 96% and EE
of 79.7% at 80 mA cm > The incorporation of s-MWCNTs
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enhances proton-conducting channels while effectively restrict-
ing vanadium ion crossover through acid-base interactions,
contributing to superior membrane performance.®> Afzal et al.
demonstrated that oxidized black phosphorus nanosheets
(O-bPn) significantly enhance the ion selectivity of SPEEK
membranes in VRFB. Incorporating 1.5% O-bPn into SPEEK
(S/O-bPn-1.5%) achieved CE of 98.3% and EE of 86.6% at
100 mA cm™2. The 2D puckered lattice of O-bPn forms proton-
conductive channels, optimizing proton transport while redu-
cing vanadium ion crossover. This organic-inorganic inter-
action enhances membrane performance.®® To restrict the
excess diffusion in the Nafion membrane Md. Abdul et al
incorporated TiZrO,NT as an inorganic filler into the Nafion
matrix, creating a tortuous pathway to block vanadium ion
crossover, achieving an impressive CE of 99.8% and EE of
83.9% at 80 mA cm >.°* This study underscores the impor-
tance of inorganic fillers like TiZrO,NT in enhancing hydro-
philicity and proton conductivity, leading to significant per-
formance gains in VRFB applications. A related study reported
the fabrication of a Nafion-neodymium zirconium oxide nano-
tube (Nafion-NdZr) composite membrane, specifically Nafion-
NdZr (1%)/[P-S],, which achieved a CE of 92.7% and EE of 75%
at 40 mA cm™>. In this case, the Nd,Zr,0, nanotubes act as
proton conductors while blocking vanadium ions, with an
additional PDDA layer further enhancing vanadium ion selecti-
vity.®> Together, these studies highlight the critical role of
nanofillers in reducing vanadium ion crossover, improving
proton conduction, and optimizing the energy efficiency of
VRFB membranes. These results underscore the enhanced per-
formance of the SPEEK-ZSM-40 VO," membrane, demonstrat-
ing superior coulombic efficiency and capacity retention. The
membrane’s effectiveness is attributed to its utilization of the
Donnan exclusion principle and proton selectivity, which col-
lectively minimize ion crossover. Thus, the SPEEK-ZSM-40
vVO,*
VRFB performance, representing a promising advancement in

membrane shows significant potential for improving

membrane technology for VRFB applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

Vanadium ions (VO,") were successfully incorporated into
ZSM-5 zeolite through an ion-exchange method, resulting in
vanadium-encased zeolite samples that retained their struc-
tural integrity, as confirmed by XRD and XPS analyses. The
composite membranes with SPEEK exhibited good oxidative
stability in a 2 M H,SO, solution containing 1.5 M VO," ions,
owing to the combined effects of Donnan exclusion and ion
sieving by the zeolite, which effectively minimized vanadium
crossover. Electrochemical and physicochemical properties
evaluations showed that the MMMs outperformed pristine
SPEEK-48 membranes, demonstrating superior proton conduc-
tivity and enhanced stability in acidic electrolytes. In a VRFB
tests, the membrane with excellent vanadium ion selectivity,
SPEEK-ZSM-40 VO,', surpassed both Nafion-117 and
SPEEK-48 membranes, achieving a CE of ~98.0% and an EE of
80.37% at a current density of 80 mA ¢cm™> over 200 continu-
ous charge-discharge cycles. Moreover, it retained 54% of its
capacity after 100 cycles. Polarization curve analysis and self-
discharge experiments, revealed a significantly higher peak
power density of 330.45 mW cm™> and a 1.3-fold slower self-
discharge rate compared to Nafion-117®, underscoring the
membrane’s enhanced operational efficiency. These findings
highlight the potential of vanadium-encased zeolites within a
SPEEK framework, leveraging both Donnan exclusion and
size-exclusion principles to create efficient and durable
membranes. This approach offers substantial advantages for
VRFB applications and presents a promising alternative for
developing metal ion-selective membranes in energy storage
devices.
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