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The vast availability and environmental benignity of polysulfide—ferricyanide redox flow batteries
(PSFRFBs) have attracted much deserving attention. However, the commercial scalability of polysulfide-
based batteries is hindered by the expensive commercial ion exchange membrane and also the sluggish
kinetics of polysulfide. Herein, we report an economically viable, thermally annealed PVDF-co-HFP-
based cation exchange membrane (T-CEM). Thermal densification of the membrane mitigated the
cross-contamination of polysulfide and ferro/ferri species across the membrane, whereas controlled
sulfonation allowed smooth conduction of charge carriers. The diffusion coefficient values were 4.57 x
107 and 3.05 x 1072 dm? s* for polysulfide and ferricyanide, respectively, better than those of
commercial separators. The polarization curve experiment depicted a power density of 220 mW cm™2 at
400 mA cm™2 current density. The flow battery exhibited capacity retention of 88% with average
capacity decay of 0.12% per cycle, 99.4% coulombic efficiency and 63.0% energy efficiency over
250 uninterrupted charge/discharge cycles at 40 mA cm™2 current density, and the long durability
characteristic revealed high efficacy and the best usability in PSFRFBs. Furthermore, the facile
densification strategy demonstrated in this work can be employed to fabricate better ion exchange
membranes for energy device applications and separation/purification.

1. Introduction

Synchronized research and development of energy storage
technologies and renewable energy generation sources will
enable the design of a simple yet effective integrated grid
energy storage system to fulfil the global need for clean and
sustainable energy." Relatively cost effective, safe, and indepen-
dent power and energy scale-up features of redox flow batteries
(RFBs) have attracted deserving attention.”” In RFBs, the
chemical energy in the form of dissolved redox molecules is
stored in scalable external reservoirs, which can be converted
into electrical energy by pumping the electrolyte solution
through a cell made of electrodes and a semi permeable
separator.® Amongst the existing RFBs, the vanadium redox
flow battery (VRFB) is the most extensively studied and
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commercialized system.” However, VRFBs are endowed with
several demerits that limit their global widespread market
penetration. One example is the sky-rocketing price of vana-
dium, as a study based on simulations confirmed an increase
in the vanadium price after 2030 owing to its scarcity;® in
addition, a recent comprehensive study on the economics of
flow batteries revealed USD$ 24 kg™ " as the cost of the vana-
dium chemical in bulk quantity, which is at least ten times
higher than that of the principal chemicals preferred in other
emerging redox flow batteries such as zinc-based flow battery,
iron based flow battery, etc.® Other issues include the acidic
and oxidative battery environment due to the high molar
concentration of sulfuric acid as a supporting electrolyte and
the high-valent vanadium species,'® and low energy density
(20-33 W h L)' compared to some other flow batteries like
zinc-iodide (energy density: 125 W h L™'), and polysulfide-
based flow batteries (energy density: 43 W h L™").">"® Other
redox flow batteries are zinc-based flow batteries, iron-based
flow batteries, organic flow batteries etc. Grave challenges of
zinc-based flow batteries are severe dendrite formation at
higher operating current densities. Challenges associated with
iron-based systems include the sluggish kinetics of the elec-
trode. Organic redox flow batteries suffer from oxidative stabi-
lity of the redox active species, and tedious and high-cost
synthetic route."**”
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Polysulfide-based RFBs are eligible candidates for energy
storage due to their high solubility, and the vast availability of
redox active materials ensures their low cost;'®>! for instance,
Li et al. demonstrated a remarkably lower material cost per
kilowatt hour of ~$85 kW h™' for a polysulfide-based flow
battery compared to ~$150 kW h™" for a vanadium redox flow
battery.'® Unlike VRFBs, polysulfide-based flow batteries are
operatable in neutral supporting electrolytes, which enables
safe-handling of the system, low-maintenance and environ-
ment friendly nature. In addition, low solubility of vanadium
salts in acidic electrolyte restricts the energy density of the
system, while as mentioned earlier, high solubility of polysul-
fide provides a clear-cut advantage to polysulfide-based systems
over VRFBs. However, their commercialization is prohibited by
sluggish reaction kinetics and severe cross-pollution of redox
active species leading to faster self-discharge of the system.>?
Use of an electrocatalyst is an efficient strategy to alleviate
electron transfer during electrochemical reactions of
polysulfides.>® Like any other RFB system, Nafion is the most
preferred separator for polysulfide-based RFBs.>*° It is worth
mentioning that Nafion membranes were initially used as a
separator membrane in the chloro-alkali industry, but its strik-
ing proton conductivity and robust mechanical and chemical
stabilities led to quick adaption in proton exchange membrane
fuel cells (PEMFCs) and RFBs.”” > However, its poor selectivity
due to well-structured hydrophilic ion cluster channels (~4 nm
in diameter)®® in the hydrated form results in migration of
polysulfide redox active species across the membrane causing
severe cross-contamination and hence associated irreversible
side reactions, which eventually drags down the efficiencies
and capacity retention of the battery.>! Li et al. tried to address
this issue by creating a polyvinylidene fluoride bound carbon
layer on the Nafion membrane.?* This approach was successful
to create a barrier for polysulfide and polyiodide and mitigate
water transport resulting in a low-capacity decay battery, but
the use of pristine Nafion membrane remains a concern due to
poor ion selectivity, which affects the overall efficacy of the flow
battery performance and its high cost remains an obstacle in
the development of redox flow batteries for large scale grid
storage.*® A similar approach was used in lithium polysulfide
RFB in which a porous carbon nanotube and boron nitride
layer was used to block the cross-over of polysulfide and
reduction of membrane-electrode interfacial resistance.**

Semi-fluorinated ion-exchange membranes (IEMs) are
sought as an alternative for the perfluorinated IEMs.* It is
reported that polymers with 60-70% fluorine content can
provide good chemical stability in an acidic oxidative
environment.*® The bond energy for C-F is 485 k] mol *, quite
a bit higher than the bond energy for C-H.*” Also, the van der
Waals force of attraction between fluorine and hydrogen atoms
enables high thermal and mechanical stability.® Semi-
fluorinated IEMs from polyvinylidene fluoride (PVDF), poly-
(vinylidene fluoride-co-hexafluoropropylene), poly(vinylidene
fluoride-co-tetrafluoroethylene), poly(vinylidene fluoride-co-chlo-
rotrifluoroethylene), poly(vinylidene fluoride)-graft-poly(styrene
sulfonic acid) and poly(vinylidene fluoride-trifluoroethylene)
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are deployed in various membrane influential applications
based on separation/purification and energy.*

Various membrane fabrication techniques such as solvent
evaporation, phase inversion, electrospinning, layer-by-layer,
and interfacial polymerization are used for developing high
performance IEMs,*® and melt or blow film extrusion has also
been attempted to create dense IEMs.*' Mokrini and co-
workers studied a series of composite proton exchange mem-
branes synthesized by blending extrusion grade Nafion and
inorganic nanoparticles using the melt-extrusion technique.*?
The Paul group successfully prepared a single layer sulfonated
polysulfone desalination membrane by using melt extrusion.*?
Mbarek et al. demonstrated improvement in the electrochemi-
cal and physicochemical properties for the extruded perfluori-
nated commercial membranes.** Our group has reported
interpolymer ion exchange membranes by blow film extrusion
using polystyrene-co-divinyl benzene/poly(methyl styrene)-co-
divinyl benzene in a polyethylene matrix.*!

In an attempt to develop a semi-fluorinated backbone-based
dense membrane for polysulfide RFB, we report a poly(vinyl-
idene fluoride-co-hexafluoropropylene) (PVDF-co-HFP)-based
cation exchange membrane (CEM). The polymer material for
the membrane was prepared by attachment of phenol on the
PVDF-co-HFP backbone in the presence of a strong base. The
thermal annealing of the membrane before sulfonation
ensured concealing of micro voids to create an obstruction
for polysulphide and ferro/ferri redox active species cross-over
across the membrane, while controlled sulfonation paved
easier conduction of charge balancing counter-ions.

2. Experimental section
2.1 Materials

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP)
pellets (average molecular weight (M,) ~ 400000, number
average molecular weight (M,,) ~ 130000) were procured from
Otto chemicals, India. Phenol from Finar, India. Sodium hydride
(NaH) (57-63% oil dispersion) from GLR Innovations, India.
N,N-Dimethylacetamide (DMAc), chlorosulfonic acid and potas-
sium ferricyanide (K;Fe(CN)s) from Qualigens, India. Potassium
chloride (KCl) from Research-lab Fine Chem Industries, India.
Potassium polysulfide and sodium chloride (NaCl) from Thermo
Scientific.

2.2 Preparation of PVDF-co-HFP based CEM

In a 100 mL round bottom flask, phenol (5 g, 51 mmol) was
dissolved in 25 mL DMAc to obtain a clear and homogeneous
solution. To this, sodium hydride (NaH) was slowly added
under cold and inert conditions. The reaction mixture was
stirred for 2 h to ensure the complete residing of hydrogen
gas bubbles formed during the spontaneous reaction between
phenol and NaH. PVDF-co-HFP (5 g) dissolved in 25 mL DMAc
was then added to the phenol-NaH mixture with continuous
stirring. The stirring was continued for 24 h, and precipitated
in 1 M HCI. The precipitate was collected by filtration, washed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with a copious amount of water, and dried under vacuum. A
10% solution of obtained polymer in DMAc was then poured
into a glass plate and dried underneath a casting chamber
equipped with an infra-red (IR) lamp. After complete evapora-
tion of the solvent, the membrane was thermally annealed in a
muffle furnace at 175 °C with a heating rate of 5 °C min™" for
1 h followed by sulfonation in 75% chlorosulfonic acid at 60 °C
for 30 h. The obtained membrane was designated as T-CEM.

2.3 Membrane characterization

The attachment of phenol onto the PVDF-co-HFP backbone was
confirmed with "H-NMR spectra obtained on a Bruker DMX-300
NMR instrument at 500 MHz in DMSO-dg solvent. A Fourier-
transform infrared (ATR-FTIR) spectrophotometer with attenu-
ated total reflectance (Agilent Technologies, Cary 600 series)
was used to interpret the functional groups present in the
membrane. The effect of thermal treatment on the morphology
and surface of the membrane was visualized with a JSM-7100F
(made in Japan) field emission scanning electron microscope. A
Zwick Roell BT-FR 2.5TH 40 Universal Testing Machine (UTM)
was used to analyse the mechanical strength of the mem-
branes. The glass transition temperature (7,) and melting
temperature (7,) of the membrane were obtained from a
NETZSCH differential scanning calorimetry (DSC) instrument,
while the thermal destruction of the membrane was recorded
under an inert environment in the temperature range 30-
800 °C at 5 °C min ™" scan rate in a NETZSCH TG 209F1 Libra
instrument.

2.4 Electrochemical and physicochemical characterization

The transport number of the membrane was inferred from
membrane potential obtained using the two-compartment cell.
The cell consists of two compartments of identical volume
separated by the membrane. The effective area of the
membrane was 14 cm?® One compartment was filled with
0.1 M NaCl and another with 0.01 M NaCl. To tackle the
concentration polarization effect at the membrane-electrolyte
interface, the solutions in both compartments were circulated
with the help of a peristaltic pump. The membrane potential
was measured using a DT830D digital multimeter connected to
a reference electrode and the transport number was calculated
using eqn (1).*

a

RT
Em = (Zlﬁ‘ﬁ — 1)}7711’1 (1)

ap

where, E™ is the membrane potential, a; and a, are the
activities of the electrolyte solutions (mol L™ "), F is the Faraday
constant (96485 C mol '), R is the universal gas constant
(8.314 J mol ™' K1), n is the valency of the sodium ion (n = 1),
T is the absolute temperature (K) and 7, is the sodium ion
transport number in the membrane phase.

Conductivity of the membrane was determined by electro-
chemical impedance spectroscopy (EIS). The prepared
membrane was pre-equilibrated in 1 mM NaCl. A rectangular
shape membrane with known dimensions was placed in the
BT-112 conductivity cell (Scribner Associates, Inc.) and the
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impedance of the membrane was recorded by applying an
amplitude of 0.005 V over a frequency range of 1 Hz to
0.1 MHz in the CH Instrument potentiostat (model no.
CHI760E) with the help of CH Instruments software uploaded
in the system. The resistance measurements of the blank cell
were recorded previously and normalized to evaluate the mem-
brane’s true conductivity. From the corrected impedance value,
the conductivity (¢) was calculated using eqn (2).°

L
o=
Rx A

(2)

where ¢ is the conductivity (S cm '), A is the surface area of the
membrane (cm?), R is the resistance of the membrane (Q)
obtained from the Randles equivalent circuit simulation of
the impedance spectra and L is the distance between the
electrodes in the conductivity cell (cm).

The ijon exchange capacity (IEC) was obtained via the
classical acid-base titration method. The membrane was com-
pletely protonated (H") by immersion in 1 M HCI solution. After
adequate washing with de-ionized water, the membrane was
dipped in 1 M NaCl solution, which resulted in the exchange of
H' with sodium ions of NaCl solution. The resulting NaCl
solution containing H' ions released from the membrane was
determined via titration with 0.001 M sodium hydroxide (NaOH)
solution using phenolphthalein indicator. The obtained burette
reading was placed in eqn (3) to calculate IEC."”

Craol X VNaoH 3)

IEC =
Mdry

where My, represents the dry weight of the membrane, and
Cnaon and Vyaou are the concentration and volume of NaOH
consumed during the titration.

Water uptake (WU) of the membrane was estimated grav-
imetrically. A 4 x 4 cm membrane piece was dipped in de-
ionized water for 12 h and the wet weight was noted after
swabbing the excess surface adhered water using paper cloth.
The dry weight of the membrane was noted after drying in a
muffle furnace at 80 °C for 4 h to obtain constant weight. The
wet and dry weights of the membrane were placed in eqn (4) to
calculate the water uptake.*®

Mwet - Mdry

dry

WU = x 100 (4)
where M. and My, are the wet and dry weights of the
membrane, respectively.

Swelling ratio (SR) was determined from the percentage
difference in dimension (length) between the dried and fully
hydrated membrane (eqn (5)).*®

Lwel - Ldry

SR =
Ldry

x 100 (5)
where, Lye and Lg, are the wet and dry length of the
membrane.

Water flux of the prepared membrane was determined with
an Amicon Stirred cell (model no. 8400). The effective area of
the cell was 14.5 cm?. The water flux of the prepared membrane
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was measured by exerting forced water with different applied
pressures. Water permeated through the membrane was col-
lected for 1 h for each applied pressure. The following equation
was used for the determination of water flux.

Vi

where J,, is the water flux, ¢ is the time (h), V is the volume of
permeate water (L) and 4 is the effective area of membrane (m?).

The diffusion coefficient of redox active species through the
prepared membrane was calculated from the determination of
change in concentration with respect to time in the enrichment
compartment of a two-compartment cell (schematic and digital
photograph of the two-compartment cell deployed for the
present study is provided in the ESI,{ Fig. Sla and b). The
depletion compartment was filled with 4.0 M potassium poly-
sulfide in 2 M KCl solution or 25 mL 0.5 M potassium
ferricyanide in 2 M KCI solution. The concentration of poly-
sulfide or ferricyanide was set as zero at the beginning of the
experiment in the enrichment side. The solution in both the
compartments was subjected to magnetic stirring throughout
the experiment to mitigate the negative impact associated with
concentration polarization. The samples were withdrawn from
compartments at regular interval and the concentration of
polysulfide or ferricyanide in the enrichment compartment
was measured by UV-visible. For every new diffusion test, a
piece of new membrane was used. It was assumed that a
pseudo-steady-state condition exists in both the compartments
of a two-compartment cell during diffusion test experiments,
i.e., the change in concentration of polysulfide or ferricyanide
in the depletion compartment was insignificant as along as
their concentration in the enrichment side was low and the
flux of the polysulfide or ferricyanide is constant through the
separator.

The diffusion coefficient was calculated by using eqn (7)

24k
IH(CD() — CE) — ll'l(C[)()) = _Wt (7)

where A is the membrane area (dm?), V is the compartment
volume (dm?), L is the membrane thickness (dm), Cpo is
the initial concentration of polysulfide or ferricyanide in the
depletion compartment (mol L"), Cg is the concentration of
polysulfide or ferricyanide contained in the enrichment com-
partment (mol L"), k is termed as the diffusion coefficient
(dm® s™"), and ¢ is the time duration of the experiment (s). A
plot In(Cpy — Cg) vs. t should give a straight line with a slope

equal to 2Ak[
4 vL"

2.5 Electrochemical tests

The cyclic voltammetry (CV) was tested using a CH Instruments
electrochemical workstation (model no. CHI760E). The cyclic
voltammograms were recorded using glassy carbon (GC) as a
working electrode, platinum (Pt) wire as a counter electrode
and Ag/AgCl as a reference electrode in 10 mM redox active
material in 100 mM KClI as electrolyte.
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2.6 Single cell performance of the polysulfide-ferricyanide
redox flow battery (PSFRFB)

The battery performance of the prepared membrane was ana-
lyzed using a commercial flow battery cell with effective cell
area 25 cm” provided by Research Supporters India (RSI). The
electrodes used in the battery were graphite electrodes and
1 mm thick carbon paper activated in concentrated nitric acid
was sandwiched between the membrane and electrode to
achieve zero-gap assembly (Fig. S2a and b, ESIt). The electrolyte
solutions were pumped through the corresponding electrodes
in air-tight silicon pipelines using small-dosing peristaltic
pumps. The cell was checked for leaks before the start of the
experiment. The electrolyte solutions for the positive and negative
sides are 25 mL 4.0 M potassium polysulfide in 2 M KCl solution
and 25 mL 0.5 M potassium ferricyanide (K;Fe(CN)g) in 2 M KCI
solution, respectively. The cell was powered using a Batsol, New-
are battery tester. The rate capability of the membrane was
analysed by performing charge-discharge cycling experiments at
different current densities. The calendar-life of the membrane was
evaluated by operating the cell at 40 mA cm ™2 current density for
250 charge/discharge cycles. The cut-off voltages for charging-
discharging of the battery were fixed at 1.25 and 0.4 V, respec-
tively. The polarization curve was recorded in a home-built RFB
cell with an effective membrane area of 12 cm” The cell was
charged to attain 100% state of charge (SOC) at a specific current
density and discharged at current densities for a fixed time.
The constant voltage at each discharge current density was noted.
The efficiencies were calculated as per eqn (8)-(10).*

_ Qas

Coulombic efficiency (CE) = O 100 (8)

ch

Voltage efficiency (VE) =

Vdis
1 9
v x 100 9)

Energy efficiency (EE) = CE x VE (10)

where Qgis and Q. are the discharge and charge capacity,
respectively, Vgis and V., are the mean discharge voltage and
mean charge voltage.

3. Results & discussion

A semifluorinated cation exchange membrane was prepared by
docking phenol to poly(vinylidene fluoride-co-hexafluoropro-
pylene) (PVDF-co-HFP) using a strong base but weak nucleo-
phile, NaH to avoid dehydrofluorination and polymer cross-
linking. The resulting polymer was transformed into a
membrane by the solution casting technique. The membrane
was thermally annealed before functionalization with chloro-
sulfonic acid (Fig. 1). The attachment of phenol to PVDF-co-HFP
was confirmed by "H-NMR. As expected, the "H-NMR spectra of
the polymer showed four different types of protons, three of
which belong to the docked organic moiety and one for the
polymer PVDF-co-HFP. The inset structure in the 'H-NMR
spectra of Fig. 2(a) is the labelled structure of the expected

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction scheme for the synthesis of phenol-docked-PVDF-co-HFP polymer followed by thermal treatment to obtain the thermally annealed

cation exchange membrane (T-CEM).

polymer. The aromatic protons of the attached phenol were
observed in the 6.90-7.40 ppm range. A triplet at ~6.95 ppm is
attributed to the proton present in the ortho-position of the
aromatic ring, while the multiplets at ~6.90 and ~7.3 ppm are
due to the protons at the meta- and para-position. The high
electronegativity of fluorine atoms resulted in deshielding of
the protons present in the polymer backbone and hence found
at 1.5-1.8 ppm. Fig. 2(b) is the FT-ATR spectra of T-CEM. The
characteristic ether linkage peak at ~1100 cm™* further pro-
vided evidence of successful attachment of phenol to the
polymer backbone. The peak at ~1650 cm™ " is attributed to
C-H bending of the aromatic ring.”® The presence of a sharp
intense peak at ~800 cm ' is for C-F stretching, while the peak
at ~950 cm ' is because of the vinylidene group of hexafluo-
ropropylene.”® The presence of bands in the wavelength region
950-1100 cm ™" identifies the symmetric and asymmetric stretching
of 0=S=0 and O=S, respectively, of the sulfonic acid group.>
Thermal stability of T-CEM was evaluated with TGA and
DSC. Fig. 3(a) depicts the weight loss in percentage for the
membrane with change in temperature. From the TGA spectra,
it can be seen that the membrane is thermally stable until
~250 °C with mere 5% weight loss due to the loss of bound and
trapped water. After 250 °C, the deceptive TGA spectrum is
misleading, suggesting that it as a single step degradation.
However, the derivative plot confirms the two-step degradation
of the membrane. Weight loss in the temperature range ~ 250
to ~430 °C can be accounted for by the degradation of the
sulfonic functional group and docked organic moiety, while the

| &) 0.45
d \ d-DMF
a 7 d 0.35
N A\
i | 0.25
d-DMF
a,band ¢ ‘ 0.15
J ‘ } 0.05
-0.05
100 9.0 80 70 60 50 40 3.0 20 10 0.0

ppm

weight loss after ~430 °C is due to thermal destruction of the
polymer backbone. In addition, the 4% residue leftover is
attributed to the carbon content present in the membrane.
The DSC spectrum of the membrane (Fig. 3(b)) shows a charac-
teristic sharp melting endothermic peak (MP) at ~ 161 °C of the
PVDF-co-HFP backbone. A close inspection of the spectrum
reveals a tiny hump at ~50 °C, which is due to the phase
transition of the amorphous part of the polymer.** High melt-
ing temperature for the membrane suggests its good thermal
stability and potential utility over a wide range of temperatures.
The Young’s modulus of 225 MPa evaluated from the stress vs.
strain curve (Fig. 3(c)) echoed the mechanical strength of the
prepared membrane. The stress of the membrane was found to
be 11 MPa while its elongation at break was 35%. In identical
testing conditions, the stress and elongation at break for
Nafion-117 was 22 MPa and 98% (Fig. S3, ESIt). However, the
value obtained for the prepared T-CEM is appreciable for the
intended flow battery application.

The effect of thermal treatment on the membrane surface
was visualized using SEM. Fig. 4(a) is the SEM surface image of
the phenol-docked-PVDF-co-HFP membrane before thermal
treatment. It can be seen from the image that the membrane
was microporous with interlinked crystalline morphologies.**
The characteristic symmetric particulate indicates instanta-
neous nucleation and development of the phenol-docked-
PVDF-co-HFP crystallites®® throughout the bulk structure.
The membrane bulk structure resembles that of the surface.
However, no such specific morphology was observed in the

0.99

®)

|

C-H bending of aromatic ring

0.96 1 A('H: wagging

Intensity

0=5=0 & O=S stretching of -SO H

I'ransmittance, Arb. U.

0.93- C-0-C ether linkage
~ vinylidene group (HFP)
C-F stretching
=~ 0.90— , ‘ ,
1000 2000 3000 4000

Wavenumber, cm’

Fig. 2 (a) *H-NMR spectra of phenol-docked-PVDF-co-HFP polymer and (b) FT-ATR spectra of the T-CEM.
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2. X3000

Fig. 4
cross-sectional SEM image after thermal treatment.

surface and cross-sectional image of the thermally treated
membrane (Fig. 4(b) and (c)). This is because the thermal
annealing resulted in the melting of the crystallite particulate
and occupancy of the void spaces on the surface. The densifica-
tion of the membrane was supported by water flux data, where
no water passed across the thermally treated membrane even at
5 bar applied pressure. Whereas without thermal treatment, the
membrane recorded 133.3 L m > h™" water flux at a mere 0.5
bar applied pressure, which is in the range of the microfiltra-
tion membrane. A dense membrane is highly rated in RFBs as it
depreciates the cross contamination of redox active species and
electrolyte imbalance. The cross-over of polysulfide and iron
species through the membrane was evaluated in a two-
compartment cell as reported in our previous studies.*”*® The
diffusion coefficient (k) of polysulfide and ferricyanide across
the membrane was calculated to be 4.57 x 10~ "' and 3.05 x
1072 dm? s, respectively. Extremely low diffusion of ferricya-
nide across the membrane can be explained based on the
Donnan exclusion principle.”® In solution, potassium ferricya-
nide (K;Fe(CN)g) dissociates as K™ and Fe(CN)g>~ ions, respec-
tively, and as expected, the negative matrix of CEM does not
allow Fe(CN)s®>~ co-ions to pass through it resulting in a very
low diffusion coefficient value. A similar explanation is valid for
negatively charged polysulfide ions. However, a comparatively
higher diffusion of polysulfide across the membrane could be
due to the covalent chargeless nature of the sulfide species,”
which accelerates its diffusion across the membrane. Further-
more, in solution, polysulfide exists in different oxidation
states of sulfur, with low charge density or neutral, and easily

208 | Energy Adv, 2024, 3, 203-214

(a) SEM surface image of the membrane before thermal treatment and (b) after thermal treatment (T-CEM) confirming its dense nature, and (c)

sneaks through the membrane. The diffusion coefficient values
obtained for the present work was compared to the best known
membranes employed for the polysulphide-based redox flow
battery. Lou et al. reported a diffusion coefficient value of
1.92 x 107° em?® s~* for ferrocyanide across their best opti-
mized potassium exchanged sulfonated polyether ether ketone
(SPEEK-K) membrane.>® It was evident that with an increase in
the degree of sulfonation of the polymer, there was increase in
cross-over of ferricyanide species, suggesting the importance of
controlled sulfonation for the desired results. A diffusion
coefficient value of 3.95 x 107° and 6.8 x 10~® ecm” s™' for
polysulfide across Nafion-212 and the Celgard mesoporous
separator respectively has been reported.***® Well defined
hydrophilic ion clusters present in the Nafion membranes
might be the reason for the relatively fast diffusion of redox
active species.>® However, we were not able to match the out-
standing polysulfide blocking ability of the charge-reinforced
ion selective membrane (CRIS) developed by Li and Lu.** The
polyvinylidene fluoride (PVDF)-bound carbon infiltrated Nafion
membrane was able to achieve complete exclusion of polysul-
fide ions with no detectable sulfide species across the
membrane. It is worth mentioning that the CRIS membrane
is developed from expensive Nafion membranes making it
economically inviable for large scale applications. Our prepared
cation exchange membrane is cost-effective, the semi-fluori-
nated backbone of the membrane provides chemical and
mechanical stability, the controlled functionalization created
an ion-conducting pathway and densification by thermal treat-
ment resulted in barricading of the redox active species.

© 2024 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/d3ya00509g

Open Access Article. Published on 25 November 2023. Downloaded on 4/19/2026 11:51:12 AM.

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

(cc)

Energy Advances

3000
s T-CEM

e Simulated

0 ) T T T T T T 1
1000 1500 2000 2500 3000 3500 4000
Z',Ohm

Fig. 5 Impedance spectra of the T-CEM with simulation; inset figure:
Circuit diagram.

The electrochemical and physicochemical properties of the
prepared membrane were evaluated by measuring its water con-
tent, swelling ratio, IEC, conductivity and counter-ion transport
number. The gravimetrically estimated water content was 25.0%
and the swelling ratio was a mere 10%. A low swelling ratio of the
membrane identify its low electrolyte uptake capability which is
beneficial in flow battery systems as there will be prevention of
electrolyte transport and water osmosis due to concentration
variation of the redox species across the membrane. The estimated
ion exchangeable sulfonic group of the prepared membrane
obtained from classic acid-base titration was found to be
1.3 meq g . Effective sulfonation of the membrane certainly
accounted for its good conduction of ions. The conductivity of
the membrane was calculated from the resistance value deter-
mined by impedance spectra presented in Fig. 5 along with the
simulation data obtained with the Randles equivalent circuit. It is
an equivalent electrical circuit that consists of an active electrolyte
resistance (Rs) in series with the parallel combination of an active
charge transfer resistance (R,), the double-layer capacitance (C) and
Warburg impedance (W).°° From the spectra it can be seen that the
impedance and frequency are inversely related (Fig. 5), ie., the
impedance decreases with increasing frequency and vice versa. At
higher frequencies the impedance value is small due to double
layer formation and charge transfer reaction. The calculated con-
ductivity of the membrane in 1 mM NacCl solution was found to be
16.06 mS cm ™ *. The counter-ion transport number obtained by the
membrane potential method was found to be 0.89. These values of
electrochemical and physicochemical properties of the prepared
membrane are compared to Nafion 117 in identical experimental
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conditions and summarized in Table 1. The values are comparable
with Nafion-117.

3.1 Electrochemical characteristics of potassium sulfide and
potassium ferricyanide

The recorded cyclic voltammogram (CV) of the redox active
species and digital photograph of the three-electrode experi-
ment assembly are shown in Fig. 6(a) and (b). As expected, the
ferri/ferrocyanide redox couple showed a symmetrical voltam-
mogram with an average redox potential of 0.285 V vs. Ag/AgCl;
while the polysulfide redox couple showed asymmetrical vol-
tammogram with an average redox potential of —0.427 V vs. Ag/
AgCl. The asymmetrical nature is due to the sluggish redox
kinetics and deposition of polysulfide on the electrode
surface.°™®? It is the redox behaviour of S*~>~ species that
has poor conductivity.®® From the voltammogram, the experi-
mental potential difference between the two redox couples was
0.712 V. However, based on the cell reactions shown in
eqn (11)-(13), the polysulfide—ferricyanide redox flow battery
(PSFRFB) has a standard cell voltage of 0.91 V. The lower
experimental potential difference between polysulfide and
ferri/ferrocyanide may be associated with the presence of a
multivalent polysulfide redox couple and the effect of salt
concentration on the redox nature of ferricyanide.®*

Fe(CN)¢&~ == Fe(CN){~ E° =046V vs. NHE (11)

+e~
1/28/4~ == S> E"=-045V ys. NHE (12)
e
3— PN 4— 2—
Fe(CN)¢™ +8," === Fe(CN)¢"™ +1/284 (13)

E® =0.91 V vs. NHE

3.2 Single cell performance evaluation of the membrane in
PSFRFB

The polysulfide—ferricyanide redox flow battery (PSFRFB) con-
sists of highly soluble ferricyanide and polysulfide as redox
active materials. Both polysulfide and ferricyanide are econom-
ically feasible and exist in abundant availability>> compared to
conventional VRFBs, which employ expensive vanadium salts.’
The redox active materials for PSFRFB have high solubility in
environmentally benign neutral supporting electrolytes;*?
unlike VRFBs, which require sulfuric/hydrochloric acids as
supporting electrolytes and even with acidic electrolytes, there
are solubility constraints of vanadium salts resulting in
low specific energy density and energy density for VRFBs."'
Galvanostatic charging/discharging profiles, rate performance,

Table 1 Comparative electrochemical and physicochemical properties of T-CEM and Nafion 117

Membrane Water uptake Swelling Ion exchange Conductivity (o) in Transport
code (WU) (%) ratio (SR) (%) capacity (IEC) (meq g~ ') 1 mM NaCl (mS em™%) no. (%)
T-CEM 25 10 1.30 16.06 0.89
Nafion 117 20.4 24 0.99 26.17 0.98

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Cyclic voltammogram of potassium sulfide and potassium ferricyanide at 10 mV s~ and (b) digital photograph of the three-electrode

experiment assembly.

cycling tests and polarization curves were recorded with 4 M
potassium polysulfide and 0.5 M potassium ferricyanide in 2 M
KCl and presented in Fig. 7. It has been studied that polysulfide
undergoes complex electrochemical reactions in both aqueous
and non-aqueous electrolytes.®>®> In order to confine the
negolyte side reaction between the S,%>” and S,>7, an excess
and higher concentration of the polysulfide electrolyte is
preferred.®® Longevity of the membrane was tested with unin-
terrupted 250 charge/discharge cycles at a current density of
40 mA cm >, The membrane demonstrated an outstanding
consistency in coulombic efficiency (CE: 99.4%) and energy
efficiency (EE: ~63.0%) throughout 250 cycles, indicating the
excellent stability and long calendar life. It is noteworthy that
Nafion-117 exhibited lower CE of 97.7%, while EE was found to
be 55.7% over 250 charge/discharge cycles in identical

experimental conditions (Fig. 7(a)). The data are recorded at
low current density compared to the other redox flow batteries,
like the vanadium redox flow battery, aqueous organic redox
flow batteries, etc.>”'® due to the poor voltage efficiency
accounted from the sluggish kinetics of polysulfide.®® The use
of electrode modification with a transition metal-based electro-
catalyst is well documented in the literature for accelerating the
kinetics of polysulfide.®® Another issue with the polysulfide
RFBs is its poor capacity retention. This is associated with the
synergetic effect of sluggish polysulfide kinetics, low conduc-
tivity of active sulfur, low utilization rate of sulphur and cross-
over of soluble polysulfide intermediates across the membrane.
In a continuous operation of over 250 charge/discharge cycles,
the prepared membrane was able to achieve 88% capacity
retention with respect to its initial capacity for the initial 100

11T s e s e s £ AR 100{ ssssessssssnnnnnonnn
N3 TEe T GCE of T-CEM
S 75 = -~ oEE of T-CEM
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% «EE of T-CEM ; 54 % capacity retention for Nafion-117 'J
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Fig. 7 PSFRFB performance of the T-CEM and state-of-the-art Nafion-117: (a) cycling test, (b) capacity retention per cycle, (c) rate capability, (d)
charge—discharge voltage profile at different applied current densities for the T-CEM and (e) polarization curve.

210 | Energy Adv, 2024, 3, 203-214

© 2024 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/d3ya00509g

Open Access Article. Published on 25 November 2023. Downloaded on 4/19/2026 11:51:12 AM.

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

(cc)

Energy Advances

cycles, which corresponds to 0.12% average capacity decay per
cycle and for Nafion-117, the capacity retention was only 54%
(Fig. 7(b)). Capacity decay observed during cycling is due to
slow penetration of poorly charged sulfide intermediates
through the membrane. It forms an inactive complex with
ferricyanide after cross over resulting in a loss in capacity of
the battery. Wei et al. were the first to report a polysulfide-
ferricyanide redox flow battery.®® This study demonstrated
stable battery performance with 99% CE, ~75% VE and
~74% EE for 100 cycles at 20 mA cm > current density with
Nafion 117. Recently, the Lou group reported an average CE of
99.80% and EE of 90.42% over 1051 cycles at a current density
of 20 mA cm ™2 for a neutral polysulfide-ferrocyanide redox flow
battery with an affordable SPEEK-K membrane and a highly
catalytic copper sulfide-modified carbon felt electrode.’® A
charge-reinforced ion selective membrane, i.e., a polyvinylidene
fluoride (PVDF)-bound carbon layer on the Nafion membrane
developed Li and Lu at the Chinese University of Hong Kong, is
the best membrane reported for polysulfide-based redox flow
batteries.®* The polysulfide iodine redox flow battery with a
CRIS membrane demonstrated stable cycling over 500 contin-
uous charge/discharge cycles with no detectable capacity decay.
The rate capability of the membrane was demonstrated by
recording the charge/discharge cycles at 20, 40, 50, and
60 mA cm > current densities. The observed CE was ~100%
at each applied current density (Fig. 7(c)). However, the EE
and VE decrease linearly with an increase in current density.
The obtained EE was 80, 63, 50 and 43% at 20, 40, 50 and
60 mA cm > current density, respectively. For the PSRFRB
assembled with Nafion-117, the CE 96, 97, 98.5 and 99% at
20, 40, 50 and 60 mA cm 2 current density and EE was 74.5,
56.5, 42, and 37% for 20-60 mA cm ™2 applied current density
(Fig. 7(c)). Fig. 7(d) is the overlap of the charge-discharge
voltage profile at different applied current densities. The vol-
tage profile at every applied current density displayed a single
voltage plateau with a high degree of reversibility indicating
negligible loss of active species on cycling.>” The discharge
capacity of the membrane was found to be ~165, ~105, ~45
and ~30 mA h at 20, 40, 50 and 60 mA cm ™ current density,
respectively. A systematic decrease in capacity is observed with
an increase in applied current density, and this is caused due to
the non-zero internal cell resistance at higher current
densities.®” Furthermore, at higher current densities, the elec-
tron transfer rate of redox active species is enhanced and the
molecule is readily oxidized/reduced. The fast redox reaction of
active molecules results in low retention time of active species
in specific reduced/oxidized form and hence the migration of
ions across the membrane is drastically mitigated. The reduced
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cross-over of ions elevates the current efficiency of the system
and meanwhile the high applied current density increases the
charging and discharging overpotential due to ohmic resis-
tance and results in low voltage efficiency and capacity.

The existing limitations in the cell performance can be
interpreted with the help of the polarization curve.®® The
polarization curve for PSFRFB employing T-CEM and Nafion-
117 was obtained by plotting a graph of discharge cell voltage
vs. applied current at 100% SOC. As expected, the cell depicted
a typical current-voltage relationship for both the membranes
(Fig. 7(e)). From the polarization curve, the peak power density
of the cell with T-CEM reached 220 mW c¢cm™> and the experi-
mental open circuit voltage (OCV) obtained was ~1.03 V and
the peak power density and OCV of the cell assembled with
Nafion 117 was 125 mW cm > and 0.95 V, respectively. The
initial region of the polarization curve is governed by activation
losses that accounts for the minimum energy needed to surpass
the activation energy associated with the charge transfer
process.”® The effective current density can be enhanced by
incorporating an electrode with high surface area to overcome
losses due to activation polarization. The voltage drop in the
second region of the polarization curve reflects the ohmic losses
associated with the electrolyte and membrane resistances, the
resistance from different components of the cell and the unavoid-
able interfacial resistance. Use of thinner membranes and highly
conducting electrodes are a few techniques that can be employed
to minimize the ohmic polarization.”” The concentration over-
voltage losses are observed in the high current density and tail-
end region of the polarization curve and are identified with mass
transport and exhaustion of redox active species at the electrode
surface. At high applied current densities, the supply of reactants
is not able to compete with the fast electron transfer kinetics, and
this eventually leads to concentration polarization.”* Optimization
of the electrolyte flow rate, applied current density and concen-
tration of redox active species can reduce the concentration
polarization.

After detailed battery analysis, the PSFRFB was disas-
sembled and the membrane was characterized to understand
the stability and durability of the membrane. The membrane
obtained from the cell was designated as T-CEM-A to distinguish
and compare the properties with the membrane before battery
performance i.e., T-CEM. There was a slight change found in
IEC, water uptake, ionic conductivity and counter ion transport
number of the membrane before and after battery performance
(Table 2). The slight decrease in the vital electrochemical and
physicochemical properties for T-CEM after battery performance
can be accounted for by the irreversible sorption of polysulfide
and ferro/ferri active/inactive chemical species on the membrane

Table 2 Electrochemical and physicochemical evaluation of the membrane (T-CEM-A) after detailed PSFRFB performance

Membrane  Water uptake (WU) Swelling ratio (SR) Ion exchange capacity (IEC) (meq Conductivity («) in 1 mM NaCl (mS Transport no.
code (%) (%) g em™) (Ra+)
T-CEM-A 28 10 1.1 10.4 0.80

T-CEM 25 10 1.3 16.06 0.89

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface. Stable and consistent battery performance, high
capacity-retention and acceptable electrochemical properties
and dimensional stability of the membrane after detailed battery
performance indicate the efficacy of the membrane and its best
usability in PSFRFB applications.

4. Conclusions

To conclude, we report a thermally annealed PVDF-co-HFP-
based cation exchange membrane for neutral PSFRFBs. The
thermal treatment of the membrane enables blocking of poly-
sulfide and ferro/ferri redox active species across the
membrane and meanwhile controlled sulfonation resulted in
good conduction of charge carriers. The diffusion coefficient
values obtained from a charge balanced two-compartment cell
for polysulfide and ferricyanide across the T-CEM were 4.57 X
107" and 3.05 x 107" dm” s~ respectively. The PSFRFB
assembled with the T-CEM delivered an excellent average
coulombic efficiency of 99.4% and energy efficiency of 63% at
a current density of 40 mA cm ™2 over 250 continuous charge/
discharge cycles. Thermal densification of the membrane
resulted in 88% capacity retention of the system with an
average capacity decay of 0.12% per cycle. The polarization
curve experiment revealed a high-power density of 220 mW
em > at 400 mA cm ? current density. Autopsy of the
membrane after detailed battery performance revealed no sig-
nificant losses in its electrochemical and physicochemical
properties, making it an eligible candidate for large scale and
long calendar life polysulfide-based redox flow batteries.
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