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Polyaniline (PANI), being one of the best chemically stable conducting polymers endowed with coupled

electron and proton transport, has been poorly evaluated in vanadium redox flow batteries (VRFBs) due to

its poor processability. Here, we have reported the synthesis of processable poly(2-ethylaniline) (E-PANI)

and its blend with sulphonated poly(ether sulfone) (SPES) with proposed applications in VRFBs. The syn-
thesis of E-PANI was confirmed by 'H-NMR, FT-IR, and powder XRD. Membranes EP1, EP2, and EP3 were
prepared by solution blending of 5, 10, and 15 wt% E-PANI with 95, 90, and 85 wt% of SPES, respectively,
in N-methyl-2-pyrrolidone. The membrane with the highest loading of E-PANI, i.e., EP3, delivered the
best VRFB performance of 99.5, 53.0, and 52.7% of CE, VE, and EE, respectively, at 140 mA cm™ current
density for 300 charge/discharge cycles with 65% capacity retention for the initial 100 cycles. This per-
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1. Introduction

Polyaniline (PANI) is a substance that belongs to the class of
materials known as inherently conducting polymers." It is one
of the most studied polymers due to its easy synthesis, econ-
omic viability, chemical stability, and options to tune chemical
and electrochemical properties.”> Energy storage, conversion,
and separation research have all made extensive use of its dis-
tinctive and alluring electric/dielectric, capacitive, and redox
properties.>® The magnetic-, humidity-, and dopant-depen-
dent conductivity has led to its use in electromagnetic shield-
ing, sensors, and tissue regeneration.>” Its main drawback is
poor solubility and processability in an aqueous or organic
solution.® Therefore, the majority of applications are realized
using straightforward physical blends or composites.® The first
processable PANI was demonstrated by Karmer and colleagues
by inhibiting the gelation of emeraldine base in the presence
of strong amine. They were able to prepare PANI films in the
emeraldine form with significantly improved gas selectivity.'”
By changing the dopant, the change in separation properties
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formance is far better than that of Nafion 117 in identical experimental conditions, which exhibits merely
15% capacity retention in the initial 100 cycles at the same current density. The EP3 membrane delivered
a peak power density of 266 mW cm™2. The membrane analysis revealed no E-PANI leaching or fouling,
indicating its potential utility in VRFB applications.

of PANI has been well reported in the literature.’* Tuning the
hydrophobic/hydrophilic characteristic, fouling prevention of
composite polysulfone membranes, as well as separation of
oil-in-water emulsions have also been reported.’>** In electro-
dialysis procedures, a thin-layer composite with an ion-
exchange membrane has been shown to be effective for the
selective separation of monovalent and bivalent ions.'*"®
Effective proton transport of PANI-based composite mem-
branes for acid separation from bentonite mine effluents by
diffusion dialysis has been reported.'®"”

The basic criteria for the use of PANI in the above-men-
tioned applications are its excellent proton transport ability
and close packing of polymer chains, which facilitate the
selectivity of specific ions and molecules."®2° The exclusion of
vanadium ions by its weak basic nature and dense arrange-
ment of polymer chains led to its potential use in a vanadium
redox flow battery (VRFB). Schwenzer and group reported a
50-fold lower vanadium (V**) ion diffusivity than Nafion
117 membrane.*! David et al. synthesised a thin and mechani-
cally stable sulfonated poly(ether ether ketone) (SPEEK)/PANI
blend membrane for VRFB. The membrane displayed a rela-
tively low diffusion coefficient of 2.67 x 10~” cm® min~" for V**
ions.”> Zhang and his group synthesised acid-base hybrid
membranes composed of SPEEK and PANI-functionalized gra-
phene oxide (SPEEK/PANi-GO). At a current density of 30 mA
cm™2, its VRFB performance displayed a CE of 98.5% and an
EE of 81.7%; as a result, its self-discharge period was longer
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than that of a Nafion 117 membrane. However, the mem-
brane’s chemical stability received scant attention.*®

It should be noted that all the above-reported PANI compo-
site VRFB membranes were developed either by in situ growth
on the membrane surface or by simple dispersion in a functio-
nalized polymer solution to obtain a heterogeneous composite
membrane. It is difficult to fully utilize the unique properties
of PANI in such a composite membrane. To address this issue,
we describe the synthesis of processable poly(2-ethylaniline)
(E-PANI), its characterization, and its blend membranes with
sulfonated poly(ether sulfone) (SPES). By optimising the ratio
of E-PANI to SPES, it was found that the membranes were
homogeneous up to 15 wt% of E-PANI. The in situ formation
of acid-base interactions resulted in ionic crosslinking and,
hence, good mechanical and chemical stability.
Electrochemical and physicochemical parameters, as well as
chemical stability in a 1.6 M VO," solution containing a 2 M
H,SO, solution, of the membranes were carefully analysed
before being successfully used in a single-cell VRFB. Analysis,
discussion, and comparison of the findings with the best-per-
forming membranes described in the literature were
conducted.

2. Experimental section

2.1. Materials

2-Ethylaniline was purchased from Tokyo Chemical Industry
(TCI-India). Poly(ether sulfone) (PES) was from Solvay (average
molecular weight (M,) ~ 38800 g mol™" and polydispersity
index (PDI) = 1.17). Sulfuric acid, ammonium persulfate, and
N-methyl-2-pyrrolidone (NMP) were from SD Fine Chemicals,
India. Vanadium(m) chloride (VCl;), vanadium(wv) sulphate
oxide hydrate (VOSO,-xH,0), and vanadium oxychloride were
procured from GLR Innovations India. All chemicals were used
as received. Ultrapure (deionized) water was used for all the
experiments.

2.2. Synthesis of poly(2-ethylaniline)

A typical process involved dissolving 2.5 mL of 2-ethylaniline
in 2 M H,S0, (100 mL) [A]. Then, 7.5 g of ammonium persul-
fate was added slowly in solution [A] at —15 °C. The reaction
mixture was refrigerated for 48 h.> After 48 hours, the resulting
polymer was filtered using Whatman no. 42 filter paper,
washed with 100 mL of methanol, then rinsed with distilled
water. To convert emeraldine salt and base, obtained powder
was added to a 200 mL solution of 25% ammonia for 48 hours
(emeraldine base). Again, Whatman no. 42 filter paper was
used to filter the polymer, and methanol and distilled water
were used to wash it. The resulting polymer was dried for
24 hours at 60 °C in a vacuum oven and designated as a
E-PANI (percentage yield = 70%).

2.3. Sulfonation of PES

The sulfonation of PES was carried out using concentrated sul-
furic acid. 5 g of PES was dissolved in 100 mL of concentrated
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sulfuric acid. The homogeneous solution was allowed to be
continuously stirred for 48 h at room temperature and slowly
poured into ice-cold water with continuous stirring. The resul-
tant white fibrous polymer was washed with running water,
followed by methanol to remove excess acid and trace impuri-
ties. The white fibrous polymer obtained was dried in a
vacuum oven at 60 °C for 48 h and designated as SPES. The
acid-base titration method was used to determine the degree
of sulfonation (DS): a known weight (0.5 g) of the membrane
was dissolved in 10 mL NMP solvent and titrated against 0.1 M
NaOH using phenolphthalein as an indicator. DS was calcu-
lated by using eqn (1):>*

MW, x M(NaOH) x V(NaOH)

DS =
W — (MWps X M(NaOH) x V(NaOH)

(1)

where MW, and MWpg are the molecular weight of repeating
monomer in polymer and molecular weight of -SO;H group
(81 g mol™), respectively, W is the mass of sulfonated
polymer, and M(NaOH) and V(NaOH) are molarity and volume
of sodium hydroxide used to neutralize -SO;H group from the
polymer.

2.4. Preparation SPES/E-PANI blend membrane

The solvent-casting approach was used to prepare dense poly-
meric membranes by blending SPES with E-PANI. EP1 stands
for the mixture of 95 percent SPES and 5 percent E-PANI, EP2
for 90 percent SPES and 10 percent E-PANI, and EP3 for 85
percent SPES and 15 percent E-PANI.

SPES was prepared for comparison which was neat. The
polymer was dissolved in a 10% (w/v) NMP solvent and sub-
sequently cast onto a glass plate. The casting was followed by a
drying process under an IR chamber, maintaining a temperature
of 60 °C for 24 hours. Subsequently, the membrane was carefully
peeled from the glass plate and subjected to a series of repeated
acid-base conditioning procedures prior to its intended use.
These conditioned membranes were stored in a saline solution.

2.5. Membrane characterization

Polymer formations were confirmed with 'H NMR spectra
recorded with a Bruker DMX-300 NMR instrument at 500 Hz
in DMSO-dg solvent. A Zwick Roell BT-FR 2.5th 40 universal
testing machine (UTM) was used to gauge the membranes’
tensile strength and elongation at break. The membranes’ TGA
curves were recorded using a NETZSCH TG 209F1 Libra instru-
ment at a scan rate of 5 °C min~" between 30 °C and 600 °C.
The membranes’ FT-IR spectra were captured using an Agilent
Technologies 600 series. The spectra were captured in the
4000-400 cm™" range. Using a JEOL JEM 7100F electron micro-
scope from the USA along with energy-dispersive X-ray (EDX)
spectroscopy at an accelerating voltage of 15-20 kV, membrane
surface morphology was examined. The membranes’ topology
and surface roughness were examined using an atomic force
microscope (AFM) device (Ntegra Aura, NT-MDT, Moscow). The
crystallographic structure of E-PANI was determined by powder
XRD (Empyrean-Analytical).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5.1. Ion exchange capacity (IEC). To achieve complete
protonation for IEC, a 2 x 2 cm piece of a membrane was sub-
merged in 100 mL of 1 M HCI for 24 h. It was then poured into
a NaCl solution with a defined volume and concentration. The
membrane was repeatedly rinsed with distilled water before
adding NaCl in order to wash away any extra acid that had
clung to the surface. The exchanged protons were measured by
titrating against 0.001 M NaOH after 24 h. IEC was determined
utilising eqn (2):*°

V(NaOH) x C(NaOH)

IEC =
Dry wt. of Membrane

(2)

2.5.2. Swelling ratio and water uptake. The change in
weight and dimension of the wet and dry membranes, respect-
ively, were used to compute the membrane water uptake (WU)
and swelling ratio (SR). A membrane section that measured
10 cm long by 2 ¢cm wide was submerged in deionized water
for 24 h. To eliminate any surface water, a tissue was used to
wipe the membrane. The membrane’s length and wet weight
were noted. Following a 24 h bake at 60 °C, its dry weight and
length were determined. Eqn (3) and (4) were utilised to
compute the WU and SR utilising wet and dry weights as well
as changes in length values:*®

Wget — W,
WU = > 74Y 100 (3)
dry
L
s = Dwet a4 00 (4)
Lary

2.5.3. Proton conductivity. Using a CHI 700E potentiostat
and a BT-112 conductivity cell from Scribner Associated, Inc.,
the impedance of the membranes was measured to determine
their conductivity. The potentiostat was set with an amplitude
of 5 mV and a frequency range of 1 Hz to 0.1 MHz. Eqn (5) was
used to determine conductivity using the following infor-
mation: L (cm), the distance between the electrodes; R, the
observed impedance of the membrane; and A (cm?), the mem-
brane’s surface area.””

° = (5)
2.5.4. Permeability rate of vanadium ions. A two-compart-
ment cell was used to determine the permeability rate of
vanadium ions in various oxidation states. The experimental
procedure was followed as reported in the literature.>® The
increase in concentration of vanadium ions on the permeate
side was determined by withdrawing samples at regular inter-
vals for 24 h and analysing them using a UV-visible spectro-
photometer. The amount of vanadium ions diffused through

the membrane was calculated using eqn (6):
In(Cap — 2Cg) — In(Cpo) = —%t (6)

VL

where Cg is the concentration of the permeate side and Cy, is
the starting concentration of vanadium solution (mol L‘l).
The term “permeability” refers to k/L (dm s™'). V stands for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compartment’s volume (dm?®), L for the membrane’s thickness
(dm), and ¢ for the experiment’s runtime (s). According to eqn
(6), In(Cpo — Cg) vs. t should produce a straight line with a
slope equal to —2A4k/VL, where A is the exposed area of the
membrane (dm?). The slope of the line was used to calculate
the permeability rate, k/L (dm s™%).

2.5.5. Chemical stability. Before integrating the membrane
into the VRFB test cell, it is crucial to evaluate its chemical
and dimensional stability in order to ensure its extended cycle
life. Following its immersion in a 2 M H,SO, solution contain-
ing 1.6 M VO,’, its dimensions and mass change were moni-
tored every 24 hours for analysis. It took 15 days to complete
the investigation. The membrane’s IEC, transport number,
and conductivity were then evaluated to see how an acidic
environment containing oxidative VO," ions would alter it.

2.6. Battery performance

The polarisation curves for the membranes were captured
using a constructed redox flow battery cell with an effective
membrane area of 12 cm?® and an electrolyte solution of 1 M
vanadium in 2 M H,SO,. The cell was discharged for a set
amount of time at current densities ranging from 25 to
450 mA cm™? after being fully charged at 50 mA cm™? current
density. A comparable constant voltage was measured. A com-
mercial flow battery cell with a 25 cm? effective cell area, sup-
plied by Research Supporters India (RSI), was used to analyse
the battery performance of blend membranes and Nafion 117.
Using a battery tester (Batsol Neware), the cell was energised.
The rate performance studies were conducted at different
current densities, such as 20, 40, 60, 80, and 100 mA cm?,
without altering the solutions, which were 0.5 M vanadium(ur)
chloride dissolved in 50 mL of 2 M H,SO, as negolyte and
0.5 M vanadium(wv) sulphate oxide hydrate dissolved in 50 mL
of 2 M H,S0O, as posolyte. We assessed the membrane cycling
stability by running the VRFB at 100 mA cm > for 100 charge/
discharge cycles. By charging the battery to 1.6 V at a current
density of 20 mA cm™2 and monitoring its self-discharge until
the voltage neared 1.0 V, the open circuit potential (OCP) of
the membrane was determined. The efficiencies of the battery
were calculated as reported using eqn (7)-(9):*°

o Qdischarge

Coulombic efficiency(CE) = x 100 (7)
charge
. . Vdischarge
Voltage efficiency(VE) = ————= x 100 (8)
charge
Energy efficiency (EE) = (CE x VE) x 100 (9)

3. Results and discussion

3.1. Polymer and membrane characterization

A processable E-PANI was synthesised and confirmed by FT-IR
and NMR spectroscopy. The solubility of PANI was consistently
reported to fall within the range of 2-5% in NMP solvent.
However, our synthesized E-PANI polymer exhibits an impress-
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ive 8% solubility in NMP solvent. This enhanced solubility is
likely attributed to the presence of 2-ethylaniline, which
appears to prevent aggregation during the polymerization
process, resulting in a PANI that is more amenable to proces-
sing. The FT-IR spectrum in Fig. Slat shows the distinctive
band at 3395 cm™' attributed to the amino group’s N-H
stretching vibration.?® The absorption band at 1495 cm™'
relates to the C=C vibration of the aromatic ring, whereas the
peak at 1590 ecm ™" corresponds to the non-symmetric stretch-
ing of the benzoid ring.*”**> The band at 1307 cm™" was
caused by C-N stretching. E-PANI protonation is characterized
by the existence of a strong band in the wavelength range®
from 1050 to 1100 cm™'. 'H-NMR spectrum shown in
Fig. S1bf shows the -CH; protons of the ethyl substituent at
3.0 ppm, while the -CH,, protons appeared at 3.5 and 3.8 ppm
due to quinoide/benzonoid structure. As anticipated, quinoid
protons were found at 6.8 and 8.2 ppm and aromatic protons
between 7.5 and 8.0 ppm. Polymer’s amorphous nature was
demonstrated by a broad peak at a 26 value of 27.7° in the
recorded powder XRD pattern (Fig. Sict).>***> The functional
groups interact with the solvent, effectively increasing the
entropy of dissolution and thereby mitigating the interaction
between the main polymer chains®”~° supported by the lesser
aggregation of E-PANI seen in the SEM image in Fig. Slef
when compared to the unmodified PANI, shown in Fig. S1f.f
SPES was prepared by using concentrated H,SO,. The sulfo-
nation was confirmed by "H-NMR (Fig. S31). From the spectra,
it can be seen that peaks in the range 7.0-7.3 ppm correspond
to the c, d, e, and g protons present in the aromatic ring
(labelled structure: inset Fig. S31). The peaks for the aromatic
protons a, b, and f of the sulfonated benzene ring were
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observed in the range 7.7-7.9 ppm. If an acidic proton did not
appear, it may be due to hydrogen bonding with a neighbour-
ing oxygen atom. The degree of sulfonation (DS) for SPES cal-
culated using eqn (1) was found to be 44.7%.

The membranes were prepared by simple physical blending
in NMP solvent as shown in Fig. 1a, followed by membrane
casting. The presence of E-PANI in SPES and their weak ionic
interactions (Fig. 1b) were supported by recorded FT-ATR
spectra (Fig. 2a). Dry membrane samples were used for FT-ATR
analysis. For composite membranes EP1, EP2, and EP3, the
peaks at 1505 and 1590 cm™" are due to non-symmetric ring
stretching of benzoid and quinoid rings.*® The 1300 cm™
peak was attributed to C-N stretching of secondary aromatic
amine.’” In-plane and out-of-plane C-H bending resulted in
sharp peaks at 1150-1200 and 800-950 cm ™", respectively.*®
The peaks at 1148 and 1577 em™" were due to the stretching of
the C-C and C-C aromatic rings.*® All the membrane O=S=0
symmetric stretching and sulfonic acid O=S stretching caused
the existence of strong bands in the wavelength range from
950 to 1100 cm™.*° At 3400 cm ™! for the SPES membrane, a
strong and broad band for the -OH group of sulfonic acid was
clearly observed.”’ However, the intensity of this band
decreased as E-PANI loading increased, indicating possible
acid-base interactions between the sulfonic group of SPES and
the amine group of E-PANI.

The thermal stability of the membranes was studied using
TGA. The recorded TGA curves of the synthesised membranes
are represented in Fig. 2b. The SPES and E-PANI blend mem-
branes showed three-step thermal degradation, as expected,
according to Fig. 2b. The first degradation at 150 °C is related
to the bound water in the membrane. The observed weight

@ Carbon

Sulfur

(a) Polymerization of 2-ethylaniline (E-PANI) and blending with SPES. (b) Illustration of 3D image of ionic interaction between E-PANI and SPES.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectroscopic analysis of SPES/E-PANI blend membranes. (a) FT-IR;

loss was around 15.83, 14.98, 14.34, and 13.06% for SPES, EP1,
EP2, and EP3, respectively. The decomposition of the -SO;H
groups is responsible for the second weight loss between 150
and 450 °C, which was found to be 31.39, 29.81, 28.74, and
27.04% for SPES, EP1, EP2, and EP3 membranes, respectively.
Thermal degradation beyond 450 °C is because of degradation
of the polymeric backbone. From the observed TGA curves, it
is clear that, as the concentration of E-PANI increases in SPES,
the thermal stability of the membrane also increases. This was
explained based on the inherent thermostability of E-PANI*?
and the acid-base interactions between the sulfonic acid
group of SPES and the amine/imine group of E-PANI. The
blending of E-PANI led not only to better thermal stability but
also to superior mechanical properties (Fig. 2c). The plot of
stress versus strain clearly shows the substantial increase in the
Young’s modulus of the membrane with an increase in E-PANI
content. The calculated Young’s modulus for SPES, EP1, EP2,
and EP3 membranes was 189, 251, 256, and 273 MPa, respect-
ively. Malmonge et al. showed that blends with 12 and
22.4 wt% of PANI increased the Young’s modulus of PANI
from 1.2 GPa for PVDF to 1.5 GPa. Additionally, Sridhar and

100.00

e

Temperature (°C)

10 15
Strain (%)

(b) TGA; and (c) stress vs. strain plot.

colleagues reported that the mechanical strength of neat SPES
increased after blending with PANI due to an ionic interaction
between the two dissimilar polymers, one of which is basic in
nature and the other acidic.** The rise in Young’s modulus is
caused by an ionic contact between the two polymers.

The synthesized blend membranes were found to be visibly
transparent. Due to the presence of E-PANI, they had a blue
hue, and when E-PANI was loaded, the hue became more
intense. The membranes were free of cracks, as seen in the
SEM images (Fig. 3a-d). The elemental analyses in the insets
of Fig. 3a-d show that the sulfonic group of SPES contains
sulphur, while E-PANI contains nitrogen. A low degree of
phase separation was visible through SEM images, particularly
for EP3 membranes (membranes with the highest loading of
E-PANI). The reason for phase separation can be explained
based on two possibilities: (a) polysalt formation due to ionic
interaction of the sulfonic acid of SPES with the amine group
of E-PANI, and (b) differences in the solubility of E-PANI and
SPES in the casting solvent, resulting in different evaporation
rates of the membrane casting solvent. The polysalt formation
and the presence of characteristic epitaxial polymer chains in

Fig. 3 Representation of surface morphology of SPES/E-PANI membranes. (a—d) SEM images with insets showing EDX analysis; (e—h) 3D images of

atomic force microscopy of EP1, EP2, EP3, and SPES, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Surface roughness parameters of the E-PANI blend mem-
branes and SPES obtained from AFM images

Membranes SPES EP1 EP2 EP3

Peak to peak (nm) 67.36 74.98 79.38 127.00
Mean value (nm) 27.77 3228  35.88 72.06
Roughness average (Sa) (nm) 5.88 5.99 5.69 11.54
Root mean square (Sq) (nm) 7.55 7.67 7.81 14.71

E-PANI can certainly contribute to the roughness of the mem-
brane (Table 1).** In Fig. 3e-h are shown 3D images of the
surface topography of the synthesised membranes using AFM.
As expected, the surface roughness of the composite mem-
branes increased with E-PANI loading. The peak-to-peak dis-
tance and average roughness for the neat SPES membrane
were found to be 67.37 and 5.88 nm, respectively. The peak-to-
peak distance for EP1, EP2, and EP3 was found to be 74.98,
79.36, and 127 nm, respectively, while the surface roughness
was found to be 32.28, 35.88, and 72.06 nm for EP1, EP2, and
EP3, respectively.

Ionic transference measurement. Since PANI is an intrinsi-
cally electronic conductive material, its suitability for redox
flow batteries must be confirmed by measuring the contri-
bution of ionic and electronic transfer.** The current-time
plots for the E-PANI-blended SPES membranes are shown in
Fig. 4. The values of ionic transference number ¢ and electron
transference number ¢, were determined using the following
equations:

Iy — I
tiz% (10)

t

Io
to = — 11
=7 (11)

where I, is a total initial current at the time ¢ = 0 (ionic and
electronic) and I, is the current at saturation (electronic
current only), determined from current versus time plot.*>

The ionic species in the membranes depleted with time,
diminishing the initial total current and then attaining a con-

0.025
|- Io
0.020
P
<« — EP3
~0.0151 —EP2
= t EP1
) 1 -
=0.010
=
Q
0.005+ ¢
1 (3
-t \,k .
0.000 v : - —
-50 0 50 100 150

Time (sec)

Fig. 4 Current vs. time plot for E-PANI/SPES blend membranes.
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stant state in a fully depleted state (#). Until steady state is
reached, ionic migration continues. When the cell is in its
steady state, it is polarised, and any remaining current flow is
caused by electron migration across surfaces. E-PANI present
in the membrane causes this behaviour. For the EP1, EP2, and
EP3 membranes, respectively, the current owing to the electron
transfer was found to be 3.5%, 3.70%, and 4.06%, and the
current due to the ionic transfer contribution was found to be
96.8%, 96.29%, and 95.4%. As a result, ionic transfer makes a
far larger contribution than electronic transfer, this being one
of the major reasons we chose to investigate membranes of
E-PANI mixed with SPES in redox flow batteries.

By evaluating swelling ratio, water content, IEC, and impe-
dance under the same experimental settings as for Nafion 117,
the membranes’ physicochemical and electrochemical pro-
perties were assessed (Table 2). The calculated proton conduc-
tivity of the membranes was found to be 28.3, 28.9, 27.8, and
25.7 mS ecm™* for SPES, EP1, EP2, and EP3, respectively. The
conductivity of E-PANI blend membranes is due to the for-
mation of short-range, very fine, characteristic fibrillar struc-
tures that connect the discretely dispersed E-PANI, forming
continuous conducting channels,*® as well as the precise sulfo-
nation of PES, which ensured a high concentration of
exchangeable ions in the polymer matrix.”” The decrease in
conductivity values supports the hypothesis of a densified
polymer matrix given by acid-base interactions between the
two polymers. This is achieved by partially sacrificing the sul-
fonic groups and, therefore, slightly lowering the proton con-
ductivity and proton-exchange capacity.>”> The IEC values for
SPES, EP1, EP2, and EP3 were found to be 1.42, 1.32, 1.25, and
1.22 meq g, respectively. The decreasing trend for IEC with
the increase in E-PANI content can be explained on the basis
of the interaction of E-PANI with the sulfonic group of SPES.
Certainly, acid-base interaction in the blend membranes is
dependent on the concentration of E-PANI loading; with an
increase in E-PANI concentration, the availability of sulfonic
groups for ion exchange decreases, thereby decreasing the IEC
of the membranes.'®*®?"** In the case of counter ion
exchange facilitated by EPANI and SPES, a thermodynamically
favourable process hinges on the condition of a negative Gibbs
free energy change (AG), necessitating the concurrent nega-
tivity of both enthalpy (AH) and entropy (AS) (AG = AH —
TAS). This implies that the system typically relies on specific
interactions between the two components. These interactions
span a spectrum, ranging from strong ionic interactions to
nonbonding interactions, including weak bonding such as
hydrogen bonding, ion-dipole, dipole-dipole, and donor-
acceptor interactions. A comprehensive study of these inter-
action types in the literature shows the miscibility of polymer
blends.***' The membranes’ water uptake and swelling ratio
values correspond to their IEC values. The calculated water
uptake values for SPES, EP1, EP2, and EP3 membranes were
30.4, 17.1, 16.6, and 19.8%, respectively, while the swelling
ratio values were 15.1, 13.3, 12.6, and 11.8%. Low swelling
ratios for the blend membranes should result in low electrolyte
uptake during battery operation and hence low diffusion of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of physiochemical and electrochemical properties of the E-PANI blend membranes with those of Nafion 117 and SPES

Membrane code IEC (meq g~') Water content (%)

Swelling ratio (%)

Conductivity (mS em™)  Young’s modulus (MPa) Thickness (um)

SPES 1.42 + 0.04 30.4+0.7 15.1+ 0.6
EP1 1.32 £ 0.03 17.1+£0.5 13.3+0.5
EP2 1.25 +0.01 16.6 £ 0.2 12.6 + 0.1
EP3 1.22 £ 0.01 19.8 £ 0.5 11.8 £ 0.5
Nafion117 0.97 £ 0.06 20.4+£0.2 11.0+ 0.1

28.3+£1.0 189 + 5.42 110
28.9+2.3 251 £4.31 112
27.8+1.8 256 * 4.67 128
25.7£2.1 273 £4.52 140
56.4 + 2.6 258 £2 168

Table 3 Vanadium ion permeability rate and diffusion coefficient of SPES/E-PANI blend membranes determined using a two-compartment

diffusion cell
V3+ V4+ V5+

Membrane code K (dm?*s™) Permeability (dm s™) K (dm?s™") Permeability (dm s™") K (dm?®s™) Permeability (dm s7)
SPES 2.09 x 1077 1.83x 107 3.47 x 107° 3.27 107 1.23x107° 1.16 x 1077

EP1 6.1 x107%° 4.56 x 1078 3.36 x107° 3.16 1077 1.08 x 107° 1.02 x 1078

EP2 411 x107%° 3.13x1078 2.68 x 1077 2.04x1077 1.12 x 107 1.04x 1078

EP3 2.45x 1070 1.89x 1078 1.11x107° 0.86 x 107 5.58 x 1070 0.43 x 1078

Nafion 117 2.9%x107° 3.40x 1077 4.5x107° 5.37 x 107 2.2x107° 2.68 x 1077

vanadium ions. Diffusion of vanadium ions in various oxi-
dation states across the membranes measured with a two-com-
partment cell is presented in Table 3. Amongst the prepared
blend membranes, EP3 showcased the lowest permeability rate
values of 0.43 x 1078, 0.86 x 1077, and 1.89 x 108 dm s™* for
VO,", VO**, and V*' ions, respectively. For EP2, the per-
meability rates of VO,", VO**, and V** ions were 1.04 x 1075,
2.04 x 1077, and 3.13 x 10~ dm s, respectively, whereas for
EP1, the permeability rates of VO,*, VO**, and V** ions were
1.02 x 1078, 3.16 x 1077, and 4.56 x 10~® dm s, respectively.
The diffusion coefficient and permeability rate values for
E-PANI blends and neat SPES are presented in Table 3.

A high concentration of sulphuric acid from both sides will
be in constant contact with the membrane of a VRFB cell
during battery operation, as will a highly oxidising environ-
ment of VO," ions from the catholyte. Therefore, it is very
important to evaluate the chemical stability of the membranes
in a highly oxidative environment. Fig. S31 shows the dimen-
sion and weight change of E-PANI blend membranes with
respect to the number of days. The weight and dimension fluc-
tuate rapidly in the early stages of the experiment. The values,
however, held steady as the study drew to a conclusion. The
average dimension change for EP1, EP2, and EP3 membranes
was 24, 20, and 18%, respectively. The least dimension change
for EP3 membrane is due to the high composition of E-PANI,
which effectively interacts with the sulfonic group of SPES,
resulting in ionic crosslinking, and hence suppressing the
swelling ratio of the membrane. The average weight gain was
found to be 17, 17.5, and 11.8% for EP1, EP2, and
EP3 membranes. Electrochemical characteristics were recorded
to mark the completion of the experiment. The obtained data
were compared to the data from the membranes prior to
chemical treatment (Table 4). The irreversible sorption of
vanadium ions onto the membrane matrix was believed to be
the cause of the observed rise in water content. However, this

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 4 Comparison of electrochemical properties for E-PANI blend
membranes and SPES before and after chemical stability study

Water IEC Conductivity (mS cm™)

Membrane content (%) (meqg™)

code Before After Before After Before After
SPES 30.4 43.1 1.42 0.78  28.3 18.9
EP1 17.1 36.4 1.32 0.89 28.9 21.4
EP2 16.6 38.9 1.25 0.73  27.8 25.4
EP3 19.8 33.3 1.22 0.80 25.7 25.1
Nafion 117 20.4 20.1 0.97 091 56.4 55.8

sorption of vanadium ions decreased the IEC and conductivity
of the membranes.

3.2. Vanadium redox flow battery performance

Fig. 5a-c shows results for 100 charge/discharge cycles oper-
ated at a current density of 100 mA cm™> for VRFBs assembled
with EP1, EP2, and EP3 membranes. The symmetric single-cell
performance of the EP3 membrane was able to achieve 98.0,
63.0, and 62.0% for CE, VE, and EE, respectively. The CE, VE,
and EE of the EP2 and EP1 membranes were 95.0, 62.0, 58.9%
and 94.0, 61.0, 57.9%, respectively. The results were in accord
with the proton conductivity and vanadium ion permeability
rate. However, a lower EE for each membrane raises the possi-
bility that the system has internal resistance. The operating
conditions of the battery’s high current density, which can
raise the system’s ohmic resistance,>” led to a relatively low EE
for all E-PANI composites.

Fig. 5d-f shows CE, VE, and EE for cells operated at
different current density to study the rate capability of the
composite membranes. Characteristically, CE increased while
VE and EE decreased as the current density increased from 20
to 100 mA cm™> for all the membranes. As current density
resulting less time was required for the cell to charge and dis-
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Fig. 5 Battery performance of E-PANI composite membranes. (a—c) 100 cycles at 100 mA cm™2 of EP1, EP2, and EP3, respectively. (d—f) Rate per-
formance with number of cycles at different current density of EP1, EP2, and EP3, respectively.

charge,® resulting less vanadium ion crossover and hence
high coulombic efficiency. In contrast, VE decreased with
increasing current density due to the increasing internal resis-
tance in the system and ohmic polarization.>*>® Amongst pre-
pared membranes, EP3 membrane had the best electro-
chemical properties along with lowest diffusion coefficient for
different vanadium ions and this was reflected in its VRFB per-
formance as it showed highest CE (90.5, 92.0, 94.3, 95.5, and
98.0%), VE (85.0, 83.0, 80.0, 73.0, and 63.0%), and EE (77.0,
76.0, 75.0, 70.0, and 62.0%) at 20, 40, 60, 80, and 100 mA
cm ™2, respectively. In identical experimental conditions, VRFB
cell assembled with EP1 displayed CE of 85.0, 90.0, 92.0, 91.5,
and 94%, VE of 83.0, 80.0, 75.1, 70.6, and 61.0%, and EE of
72.0, 71.5, 69.0, 64.0, and 57.9% at 20, 40, 60, 80, and 100 mA
cm™>. For EP2, the calculated CE of 88.0, 91.0, 92.0, 93.0, and
95.0%, VE of 84.0, 80.1, 75.2, 70.5, and 62.0%, and EE of 74.0,
72.5, 69.5, 64.4, and 59.0% was recorded at 20, 40, 60, 80, and
100 mA cm™?, respectively. The Nafion 117 membrane showed

95% coulombic efficiency, voltage efficiency of 60.1, and 57.0%
energy efficiency at 100 mA cm™> current density (Fig. S51). The
cycling stability of the best membrane EP3 was further evaluated
in an asymmetrical cell and data are presented in Fig. 6 along
with those for Nafion 117 for comparison in identical experi-
mental conditions. In 300 charge/discharge cycles at 140 mA
em™?, it delivered 99.5, 53.0, and 52.7% for CE, VE, and EE,
respectively (Fig. 6a). In terms of capacity decay, it was observed
that the EP3 membrane outperformed Nafion 117. It showed only
a 35% capacity decay corresponding to 0.35% decay per cycle
whereas Nafion 117 showed an 85% capacity decay (Fig. 6b).
Fig. 6¢ shows the overlap of a graph of 1%, 5% 10™, 50", and
100™ cycles of the charge/discharge cycles. The capacity retention
clearly indicates the Donnan exclusion of vanadium ions by the
weakly positively charged E-PANI backbone has a substantial
effect on capacity retention.

The rate performance and cycling test for E-PANI composite
membranes were compared to those for PANI composite mem-
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Fig. 6 Battery performance of E-PANI composite EP3 membranes. (a) Charge—discharge during 300 cycles at 140 mA cm™2. (b) Capacity retention

with cycle number at 140 mA cm™2. (c) Capacity at different cycle numbers at 140 mA cm
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branes reported in the literature (Table S1t) and with other
membranes (Table S21). Wessling and his team developed the
SPEEK/PANI blend membrane, and they observed that when
operated at 50 mA cm >, the low ion diffusivity in VRFB results
in high CE of 99%, VE of 92%, and EE of 90%. However, they
only demonstrated cycling stability up to 30 cycles. The leach-
ing of non-homogeneous PANI could render this possible. The
SPEEK/PANi-GO composite membrane designed by Shi et al.
demonstrated 300-cycle stability with CE of 98.5%, VE of 83%,
and EE of 81.7%, nevertheless operating at a low current
density of 30 mA cm™>. Overall, the maximum current density
achieved for rate performance and cycling stability in the lit-
erature for PANI membranes was in the range of 60-40 mA
cm ™2, while the prepared E-PANI-blend SPES membranes deli-
vered good VRFB performance at a higher current density of
140 mA cm™> up to 300 cycles, exhibiting their potential for
consistent performance at higher operating current densities
with a long service lifetime in VRFBs.

Fig. 7a shows a plot of voltage and power density versus
current density. The VRFB cell with EP1, EP2, and EP3 reached
peak power densities of 192, 212, and 266 mW cm ™ at 400 mA
cm ™ current density, which was found to be higher than that
with Nafion 117 in an identical experimental condition. High
power densities for the blend membranes can be explained
based on the synergistic effect of a well-defined conducting
path anchored by characteristic fibrillar structures intercon-
necting with the homogeneously dispersed PANI molecules.

1577
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After the polarisation experiment, the battery’s self-discharge
was monitored after being charged at 1.6 volts at 20 mA cm™>
until the voltage achieved 1.0 volts. Fig. 7b shows the OCV for
membranes; in the same experimental setup, Nafion 117 was
faster at self-discharging than VRFB cells employing composite
E-PANI membranes. The time needed for the EP1, EP2, and
EP3 membranes to self-discharge was inversely related to the
rates of vanadium-ion permeability. The self-discharge times
for EP1, EP2, and EP3 were 5.6, 6.1, and 7.5 h, respectively,
whereas the self-discharge time for Nafion 117 was 4 h.

To make sure there had been no negative alterations to the
electrochemical and physicochemical characteristics of the
membranes after battery performance, EP3-A was analyzed.
Ionic conductivity, IEC, and water uptake all exhibited a slight
decrease for the EP3-A membrane. This was explained in light
of the irreversible sorption of vanadium ions during battery
examination. IEC and water uptake were both observed to be
at 1.2 meq g~ and 18.7%, respectively (Fig. 8a). The calculated
conductivities from the impedance spectra (Fig. 8b) for EP3
and EP3-A were found to be 25.7 and 23.8 mS cm ™, respect-
ively, and there was no change found in surface morphology
(Fig. S51). After an intensive battery study, the acceptable vari-
ation in electrochemical properties (Table S37) for the best-per-
forming EP3 membrane shows its long-term operational stabi-
lity and best utility in VRFB applications.

4. Conclusions

To conclude, we successfully synthesized processable E-PANI,
which was confirmed by "H-NMR, FT-IR, and powder XRD.
Three blend membranes, ie., EP1, EP2, and EP3, were pre-
pared by the solvent-casting method with different weight
ratios of SPES and E-PANI. The observed IEC, WU, and SR
decreased with an increase in E-PANI loading due to the ionic
interaction between the sulfonic acid group of SPES and the
amine/imine functionality of E-PANI. The membrane with the
highest loading of E-PANI, i.e., 15 wt% (EP3), had the highest
ionic conductivity and acceptable chemical stability ina 1.6 M
VO," solution and comparatively low diffusion coefficient for

800
-=-EP3 (b)
—-o— Simulated EP 3
600 —_o- EP3-A

—v— Simulated EP3-A

-Z."" (ohm)
s

[

[

>
L

ok — ——
=i @ 8 10 10 10
7

/! (ohm)
800 1000

400 600
Z' (ohm)

Fig. 8 Post-battery analysis of EP3-A membrane and comparison with pre-battery analysis of EP3. (a) IEC and water uptake of EP3 and EP3-A mem-

branes. (b) Impedance spectra of EP3 and EP3-A membranes.
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vanadium ions. VRFB assembled with EP3 displayed the
highest values of 99.5, 53.0, and 52.7% for CE, VE, and EE,
respectively, throughout 300 charge/discharge cycles at 140 mA
em™? current density. The polarization curve experiments
revealed peak power densities of 192, 212, and 266 mW cm >
at a limiting current density of 400 mA cm™? for EP1, EP2, and
EP3, respectively. The self-discharge times of EP1, EP2, and
EP3 were longer than that of Nafion 117. Retention of accepta-
ble electrochemical and physicochemical properties after
VRFB operation indicates the membranes as potential candi-
dates as separators for VRFB applications.
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