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Abstract Low ionic conductivity and poor chemical stability are the two key
parameters that limit the use of many anion-exchange membranes in electrochem-
ical applications like rechargeable batteries and fuel cells. Herein we report a
method for the synthesis of a high performance anion-exchange membrane fabri-
cated by incorporating calcium titanate nanoparticles (CaTiOs) into polyvinyl
alcohol (PVA) matrix. The CaTiO; was synthesized by a new co-precipitation
method from a solution of two simple precursors, viz potassium titanyl oxalate and
calcium chloride. The XRD data of the synthesized nanoparticles indicate a phase
pure orthorhombic perovskite structure. Morphological features investigated with
SEM and TEM studies, reveal that the CaTiOj3 is having spherical shape with a
diameter of approximately 200 nm. The PVA/CaTiO3 nanocomposite membranes
were fabricated by solution casting method from a well dispersed suspension of
CaTiO; in PVA and characterized by FT-IR spectroscopy, TGA, SEM, AC impe-
dance analysis and tensile strength measurements. The membranes with 30 wt%
CaTiO5 content possess ionic conductivity of 66 mS cm™" at room temperature.
The electrochemical performance of an all-iron redox flow cell was studied using
galvanostatic charge—discharge tests using the above nanocomposite membrane as
separator and the system exhibited a coulombic efficiency of 75% during the
charge—discharge cycles.
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Introduction

The ion-exchange membrane is a critical component of many electrochemical
devices such as fuel cells [1], rechargeable batteries [2], electrodialysis devices [3],
water electrolysers and desalination of sea water [4] as it determines the
performance as well as the economic viability of these devices. The membrane
allows selective transport of either cation or anion to complete the circuit during the
passage of current [5-10]. Recently, in fuel cell technology anion-exchange
membranes (AEMs) are gaining more attention as they promise to overcome the
disadvantages such as low CO tolerance, high electrokinetic over potentials for
oxygen reduction and high catalyst cost of proton exchange membrane fuel cells
(PEMFCs) [11-13]. The cost of popular proton exchange membrane Nafion is
roughly $400 per m” [13]. However, the currently used commercial AEMs suffers
from severe drawbacks, which includes low ionic conductivity, electrolyte
crossover, poor chemical and mechanical stability besides high cost of the
membranes [14—18]. Various kinds of AEMs have been developed in the past few
decades and most of them employed quaternary ammonium group as anion
exchange cites [19, 20]. These quaternary ammonium group-based membranes
degrade rapidly in highly alkaline solutions and hence limits the performance of
these membranes in alkaline environment [13, 17]. So the developments of low-cost
AEMs with superior chemical stability and good ionic conductivity have been the
focus of research of many groups worldwide.

Organic—inorganic hybrid membranes were found to be promising materials for
potential applications due to their better electrochemical properties, improved
mechanical, chemical and thermal properties [21]. Yang synthesized PVA/TiO,
composite polymer membrane [18] and quaternized poly(vinyl alcohol)/alumina
composite polymer membranes [22] for alkaline direct methanol fuel cells, which
exhibited excellent electrochemical performances. The incorporation of ceramic
fillers such as Al,O5 [22], SiO, [23] and bentonite [24] into the polymer matrix has
significantly enhanced the ionic conductivity and thermal stability of the ion-
exchange membranes.

The AEMs based on PVA have received considerable attention in recent years
due to its non toxicity, good film-forming ability, low cost, good mechanical
strength and chemical stability, high hydrophilic behavior and low methanol
permeability [18, 25, 26]. The incorporation of nanofiller into the polymer matrix of
cross-linked PVA have been shown to reduce the crystalline nature of the matrix
and improve their performance in solid alkaline fuel cells and other electrochemical
devices [18, 25-27].

A perovskite is any material with the same type of crystal structure as calcium
titanate (CaTiOj3). The general chemical formula of perovskite is ABX3, where A
represents large divalent and B is small tetravalent cation. X can be anions like 0>~
which is bonded to both cations. Synthesis of calcium titanate nanocrystals have
gained great interest in recent years due to their exceptionally high dielectric
properties which makes them potentially useful resonator materials in wireless
communication systems [28, 29]. Calcium titanate can exist in three polymorphic
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phases including cubic, tetragonal and orthorhombic [30]. Zr*" doped CaTiO3 and
CoO doped CaTiO5; powders exhibit high catalytic efficiency in water splitting for
hydrogen production [31]. Due to inherent biocompatibility, calcium titanate is
highly beneficial for biomedical applications, especially for bone and joint repair
[32].

Several methods have been reported for the synthesis of calcium titanate
nanoparticles such as solid state synthesis, sol-gel methods, hydrothermal methods,
co-precipitation methods, mechanical alloying methods, solvo-thermal methods
[31-33]. The limitations associated with these processes are heterogeneous
products, contamination of impurities, performing the process at high temperature
(above 1300 °C) and existence of coarse particles with different size [33]. Calcium
titanate, when treated with bases in wet condition is converted to calcium titanate
hydroxide (Eq. 1) and it is reported to be an efficient anion-exchange material
containing exchangeable hydroxyl groups [34]:

CaTiO; + NaOH — HCaTiO;OH. (1)

In this work, calcium titanate nanoparticles were synthesized by a new method
from a solution containing two simple precursors, viz potassium titanyl oxalate and
calcium chloride using ammonium oxalate as precipitating agent. The powder was
calcined at 900 °C and characterized by XRD, TEM, SEM, and EDX analysis.

The AEMs were fabricated by incorporating calcium titanate nanocrystals to
PVA matrix followed by cross-linking with glutaraldehyde. The membranes were
characterized by FT-IR, TGA, SEM, and AC impedance analysis. The membrane
properties such as the alkaline stability, water uptake, ion-exchange capacity and
mechanical strength were also measured.

Experimental
Materials

PVA used in this study was analytical grade and was purchased from Merck (M,
89,000-98,000, 99+4% hydrolysed PVA). Glutaraldehyde (25 wt% solution in water
of analytical grade), calcium chloride, potassium titanyl oxalate, and ammonia
solution were also purchased from Merck.

Preparation of calcium titanate nanopowder

Potassium titanyl oxalate (0.02 mol) and calcium chloride (0.02 mol) were
separately dissolved in 250 ml D. I. water. The solutions were mixed and 250 ml
of 0.03 M ammonium oxalate was slowly added to the mixture under stirring at
room temperature and then pH of solution was adjusted to 9 by adding 25%
ammonia solution. The white oxalate hydroxide slurry formed was aged overnight.
It was then filtered, washed with D. I. water until pH was neutral and dried at 80 °C
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in an air oven for 48 h. The product was calcined at 900 °C for 2 h. The synthesis
procedure is shown as follows:

. (NH . 900° .
K2 [TIO(C204)2] . 2H20—> 4)2C204, NH4OHCaT1(OH)X(C204)y€>, 2hCaT103

2)

Fabrication of PVA/calcium titanate nanocomposite membranes

5 wt% PVA solution was prepared by dissolving 5 g PVA in 100 ml D. I. water at
80 °Cand it was stirred continuously till ahomogeneous solution was obtained. Then a
weighed amount of calcium titanate was ultrasonicated for 6 h and stirred with PVA
solution for another 6 h. Then glutaraldehyde solution (5 wt%) as the crosslinker was
added drop wise (2.5 wt% of PVA) into the mixture [8] followed by several drops of
1 M HCI as catalyst. After stirring for 3 h the mixture was degassed in vacuum for
15 min. The viscous solution was cast onto a clean glass plate using a film applicator.
The composite membranes were peeled from the glass plate after drying in vacuum
oven at 50 °C for 48 h. PVA/xCaTiO3 composite membranes (x stands for the wt% of
CaTiO;) were prepared at PVA/CaTiO; weight ratios (95:5, 90:10, 85:15, 80:20, and
70:30) and the corresponding membranes are denoted as PVAS, PVA10, PVALIS,
PVA20 and PVA30. The thickness of the resulting membranes was 120 £ 10 pm. All
the membranes were immersed in 2 M NaOH solution for 24 h for converting calcium
titanate to calcium titanate hydroxide which is an efficient anion exchange material
containing exchangeable hydroxyl groups [34].

Characterization

X-ray powder diffraction data of the synthesized nanopowder were collected at
room temperature with a SHIMADZU, XRD700 powder diffractometer using CoK,,
radiation. Data were scanned over the angular range 20°-80° (260) with a step size of
0.0196° (20). Transmission electron microscopy (TEM) images of the obtained
nanoparticles have been recorded using a JEOL 4000EX High Resolution
Transmission Electron Microscope (HRTEM) operated at 400 kV. FT-IR spectra
were recorded on a Perkin Elmer instrument (Model L160000A) over a range of
4000-400 cm™'. SEM images of the samples were acquired with a scanning
electron microscope (JSM-5600, JEOL Co., Japan). The samples were coated with a
thin layer of gold by ion sputtering prior to microscopic examination. The energy
dispersive analyzer was used for the elemental detection of the samples. TGA
thermograms of the composite membranes were recorded on a Shimadzu TGA-50H
analyzer by heating the samples from room temperature to 850 °C under nitrogen
atmosphere at a heating rate of 10 °C/min.

Water uptake of the composite membranes was determined by weighing the
membranes under wet conditions after being equilibrated in distilled water for 24 h
at room temperature. The surfaces of the membranes were then carefully wiped with
filter paper and the membranes were weighed immediately. The samples were
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vacuum dried for 2 days and weighed again. The water uptake was calculated as
follows:

Wwet - Wdry

dry

Water uptake (%) = x 100%, (3)

where W, is the mass of the water swollen membrane, and Wy, is the mass of the
dry membrane.

The ion exchange capacities (IECs) of the composite membranes were
determined by double titration method. Samples were accurately weighed and
immersed in 25 ml of 0.05 M HCI solution for 48 h and the HCI solution was back
titrated by 0.05 M NaOH solution using phenolphthalein as indicator.

IECs of the samples were calculated using the equation:

ny - HC1 — n, - HCI

IEC = : (4)
Mary

where n; of HCl and n, of HCI are the concentrations of (mmol) hydrochloric acid
required before and after equilibrium, respectively, and Mg, is the mass in g of the
dried sample. The average value of the three samples calculated from the above
equation is the IEC value of the membrane.

Electrochemical impedance spectroscopy (EIS) was used to evaluate ionic
conductivity of the membranes, using AUTOLAB 50519 PGSTAT instrument.
Impedance of the membranes were performed in a two electrode setup where the
membranes were clamped between two platinum electrodes and the cell was
thermostated at 25 + 0.1 °C for at least 20 min to ensure thermal equilibrium.
Impedance measurements were performed in the frequency range 100 Hz-
1000 kHz using an alternating potential of amplitude 10 mV. Fully hydrated
membrane was placed in the conductivity cell and it was filled with 2 M NaOH. The
resistance of the membrane and solution (R, was measured. The resistance of the
solution (Ryojuion) Was measured without the membrane. Membrane resistance
(Rmem) Was obtained from the difference of the measured resistances (Ryem = -
Riotal — Rsomution).- The thickness of the membrane was measured with a digital
micrometer by placing the membrane between two glass slides to ensure both a
planar surface and limited compression. The conductivity of the membrane was
calculated as follows ¢ = L/RA mS cm ™', where ¢ is the hydroxide conductivity in
mS cm™!, R is the ohmic resistance of the membrane (Q), L is the thickness of the
membrane (in cm), A is the cross sectional area of membrane samples (cmz).

The tensile strength of the composite membranes was measured with universal
testing machine (UTM) (Zwick, Model 1446-60, Germany). For this test the
samples were prepared according to ASTM-D882 standard. The films were then
placed between the grips of the testing machine. The grip length was 5 cm and
speed of testing was set at the rate of 10 mm min~"'. The alkaline stability of the
membrane was measured by immersing the composite membrane sample with a size
of 3cm x 3 cm in 2 M aq. NaOH at room temperature for 2 weeks. It was taken
out, washed with D. 1. water, wiped with tissue paper, and then studied using FT-IR
technique to detect any degradation or changes in chemical structures. Loss of
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weight of the membrane was also measured. The oxidative stability of membrane
was determined by immersing the samples 3 cm x 3 cm into Fenton’s reagent
(30 ppm FeSO, in 30% H,0,) at 25 °C, for 24 h and measured the weight of the
membrane with time.

Performance of CaTiO3/PVA membrane as separator in all-iron flow
battery

All-iron flow battery experiments were performed in the 36 cm? flow cell hardware
with electrolyte flowing across two electrodes, separated by the membrane prepared
[35]. All experiments were performed with electrolyte flow rates of 25 ml min~".
Electrolyte for both positive and negative electrodes consisted of 1 M FeCl, and
1.5 M NH,CI. The electrodes were made from densified graphite with a cross-
sectional area of 16 cm?. The charging efficiency of the all-iron redox flow cell was
determined by charging the cell at 100 mA cm ™2 for 100 s followed by discharging
at 50 mA cm™ > using AUTOLAB 50519 PGSTAT instrument. The cell perfor-
mance is normally determined by its coulombic efficiency (CE). CE is the ratio of

discharge capacity (Qg;s) to charge capacity (Q,) of a cell.

Results and discussion

Figure 1 shows the XRD pattern of CaTiO; obtained after calcination at 900 °C.
Diffraction patterns of calcium titanate powder obtained well correlates with
standard (JCPDS No. 22-153) and dominant peaks are obtained at 20 = 32.7, 47.1,
58.9, and 69, which corresponds to diffraction from (121), (202), (123), (242)
planes. The XRD pattern clearly shows that the powder obtained by the thermal
decomposition of (CaTi(OH),(C,04),) at 900 °C consists of pure perovskite
nanopowder (CaTiO3) without the presence of oxides or any other impurity [30].
The microstructure of the particles was also investigated by means of TEM.
Figure 2 shows the TEM image of CaTiO; and reveals the particle morphology and

Fig. 1 XRD pattern of calcium (121
titanate 202)
(123)
£
8 (242)
2
E
JCPDS No.22-153
1|| IR i,mll\hmllmi
10 20 30 40 50 60 70 80

2Theta
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size of the nanopowder. It is seen from TEM images that CaTiO; powders consist of
clusters of nanoparticles and they are found to be spherical in shape with an average
size of 200 nm. HRTEM image of calcium titanate Fig. 2¢c reveals the formation of
nano-crystals with d spacing of 0.32 nm. The selected area electron diffraction
(SAED) pattern given in Fig. 2d reveals the crystalline nature and the rings in the
SAED pattern corresponds to crystal planes of calcium titanate.

Structural analysis

FT-IR spectra of CaTiOs;, PVA, PVA10, PVA20 and PVA30 nanocomposite
membranes are presented in Fig. 3a—e. Figure 3a shows two characteristic peaks at
540, 450 cm™" in the spectrum of CaTiO; which correspond to the stretching
vibrations of Ti—O bonds [36] and Ca-Ti—O bending vibrations [37], respectively.
Figure 3b shows the characteristic peaks of pure PVA in the region

Fig. 2 a, b TEM images of calcium titanate at different magnifications, ¢ HRTEM image of calcium
titanate nanocrystals, d SAED pattern of calcium titanate
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Fig. 3 FT-IR spectra of (a) CaTiOs, (b) PVA, (c) PVAI10, (d) PVA20 and (e) PVA30 nanocomposite
membranes

3400-3100 cm ™" due to —OH stretching, band at 2920 cm ™! due to —CH stretching
vibrations of polymer back bone and band at 1420 cm™' is attributed to bending
vibrations of —CH, group as reported in literature [38, 39]. Figure 3c—e of PVAIO,
PVA20 and PVA30 nanocomposite membranes show broad peak at
3400-3100 cm ™" indicates stretching vibrations of the hydroxyl groups of polyvinyl
alcohol. The band at 2924 cm ™' is assigned to the stretching vibrations of —CH
groups of polymer back bone and bands at 1420 cm™' is attributed to bending
vibrations of —CH, group [40]. The bands at 1250-1200 cm™ ! were attributed to the
ether bonds (C—O-C), formed during cross-linking with glutaraldehyde [39]. In the
composite membrane, the peaks at 540 and 450 cm™' is attributed to the
characteristic vibrations of Ti—O bonds and Ca-Ti—O bonds of calcium titanate
[37]. The results show that successful incorporation of calcium titanate nanopar-
ticles into the PVA matrix has been achieved.

SEM analysis

The SEM images of calcium titanate are shown in Fig. 4. The SEM image shows the
microstructure of the particles. The images revealed the information about grain
size, shape and powder agglomeration. The particles are found to be spherical in
shape and are highly agglomerated. The average size of the particles was in 200 nm
range. The EDX spectrum of calcium titanate in Fig. 5 indicates the presence of Ca,
Ti and O atoms in accurate proportion in the prepared material, further confirmed
the formation of pure calcium titanate.

Figure 6a—d present the SEM images of surface and cross-section of PVA/
CaTiO3 nanocomposite membranes. There is no evidence of phase separation; crack
or holes on membrane surface indicated its dense nature, which was further
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Fig. 4 a, b SEM images of calcium titanate with different magnifications
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Fig. 5 The EDX spectrum of calcium titanate

confirmed by cross-section image of the membrane. The surface of the membrane
found to be smooth and uniform. Filler particles are found to be well embedded in
the polymer matrix, establishing strong connectivity of the particles. Size of the
filler particles embedded in the PVA matrix is found to be less than 1 um and some
degree of aggregation of particles are observed. The particle distribution and
particle—polymer matrix reinforcement play vital roles in the improvement of the
mechanical properties of the composite membranes. The distribution of particles is
uniform and homogenous when the weight percent of nano CaTiOs filler is less than
20 wt%. When the filler content is beyond a limit, aggregates of filler particles make
the membrane more brittle [S]. Cross-sectional SEM image of PVA30 membrane
shows that the thickness of the membrane is about 120 4 10 pm.

Water uptake

It is found that water uptake decrease with increase in calcium titanate content. This
can be explained in terms of the changes in the membrane structure. Cross-linking
effects due to the inorganic network reduce polymer chain mobility thereby
reducing the free volume where absorbed water could be accommodated. Here, the
cross-linking effect due to the inorganic network is more prominent than the
hygroscopic effect of CaTiO3, and hence the total water content decreases with
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Fig. 6 SEM surface images of membranes; a PVA, b PVA10, ¢ PVA30, d SEM cross-sectional image of
PVA30 membrane

increasing CaTiO; content [18, 40, 41]. The decrease in water uptake with increase
in calcium titanate content also indicates the dimensional stability of composite
membranes (Fig. 7; Table 1).

Fig. 7 Water uptake of 100 -
membranes with varying 98] =
CaTiOj3 content

96 -

94 -
92 4 [ ]

90 - n

88 - [ ]
86 -
84 -

Water uptake %

82

5 10 ' 15 20 25 30
CaTiOwt %
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Table 1 The physical properties of PVA/CaTiO3; nanocomposite polymer membranes at 25 °C

Types of Water uptake 1IEC Tensile strength Tonic conductivity
membranes (%) (meq g_l) (M Pa) (mS ecm™")
PVAO 116 0.38 13.6 8.2

PVAS 98 0.42 20 14

PVAI10 92 0.56 25 25

PVALS 90 0.58 40 32

PVA20 88 0.64 46 39

PVA30 83 0.78 25 66

Ion exchange capacity (IEC)

The IEC is a key parameter for the characterization of ion exchange membrane and
it has an intensive effect on the water uptake as well as ionic conductivity of the
membranes [21, 42]. IEC provides an indication of amount of exchangeable groups
in the membrane [3]. Figure 8 shows ion exchange capacity of membranes with
varying CaTiO; content. It is found that ion exchange capacities increased gradually
with increasing CaTiO; content in the composite membrane. The ion exchange
capacity values of the membranes were in the range of 0.4-0.7 meq g~ '. With the
increasing amount of hydrophilic groups in the membrane, that regions become
more inter-connected, leading to more ionic transport channels [43]. Compounds
like calcium titanate when treated with bases results in the formation of calcium
titanate hydroxide which is an efficient anion exchange material containing
exchangeable hydroxyl groups [34]. Calcium titanate can provide a positive surface
charge in the membrane which will increase affinity for anions and improve IEC
values [44].

Fig. 8 Ion exchange capacity 0.80 |
of membranes with varying n
CaTiOj3 content 0.75 |

0.70 -

-

o 0.65 - -
T 0.60 -
0.55 | -

0.50

IEC me

0.45 -
0.40 -

5 10 15 20 25 30
CaTio, wt %
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Electrical properties

The high ionic conductivity of the anion exchange membrane is an essential
property for applications in electrochemical devices. The ionic conductivities were
examined by electrochemical impedance spectra (EIS) recorded in the frequency
range of 100 Hz-1000 kHz and with signal amplitude of 10 mV. Typical Nyquist
plots for the composite membranes are presented in Fig. 9a—e. The membrane
resistance was obtained from the intercept on the Z' axis in the high frequency
region. The ionic conductivities of the hydrated PVA/CaTiO; nanocomposite
membranes calculated using the resistance values obtained from the Nyquist plots
are shown in Fig. 10. The ionic conductivity is increased from 10.6 mS cm™" for
PVAO to 66 mS cm™' for PVA30 membranes. The ionic conductivity of the
membranes largely depends on the nature of inorganic fillers and hydrophilicity of
the polymer matrix. High ionic conductivity of PVA/CaTiO3; nanocomposite anion-
exchange membranes can be attributed to positive surface charges on CaTiO3
nanoparticles which act as anion exchange sites and enable the exchange of
hydroxide ions [44]. The mechanism of anion transport is schematically represented
in Fig. 11. The increase in ionic conductivity of the membrane with increasing
CaTiO; content can be attributed to the increase in the positive surface charge of the
membrane [34].

Thermo-gravimetric analysis

Thermal stability is an important parameter for the use of membranes in high-
temperature electrochemical applications. The samples were heated in the

@ ® () () )
2.0
1.8
1.6
1.4
1.2
1.0
0.8 4
0.6
0.4
0.2 4
0.0 , y : . : . .
3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

1.

Z" Ohm

Z' Ohm

Fig. 9 Nyquist plots from AC impedance spectroscopy measurements of a 2 M NaOH, b PVA30, ¢
PVA20, d PVA10 composite membranes, € PVA membrane
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Fig. 10 Ionic conductivity of
membranes with varying -
CaTiO5 content
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Fig. 11 Schematic representation of PVA/CaTiO; nanocomposite anion-exchange membrane with
CaTiOj; anion-exchange sites that enable high ionic conductivity by providing positive surface charge

temperature range from 30 to 750 °C at a constant rate of 10 °C min~' under
nitrogen atmosphere.

Figure 12 shows TGA curves for pure PVA film, PVA10 and PVA30
nanocomposite membranes, respectively. The TGA curve of pure PVA film shows
three major weight loss regions. The first region at a temperature of 80-160 °C was
associated with the evaporation of weakly adsorbed water and the weight loss of the
membrane is about 12.9%. The second region at about 250-350 °C is due to the
degradation of PVA polymer membrane and the weight loss of the membrane at this
stage is about 61%. The peak of third stage at 450 °C is due to the splitting of PVA
chains into small segments, associated with 87.7% weight loss of the membrane.
The total weight loss at 600 °C is about 99.1% [18, 25] as listed in Table 2.
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Fig. 12 TGA curves of membranes with varying CaTiO; content

Table 2 Weight loss % of

polymer membranes at different Temperature (°C) Wt. loss % of membranes

temperatures by TGA analysis PVA PVAIL0 PVA30
160 12.9 9.5 9
350 61 484 36.7
450 87.7 78 58.6
600 99.1 91.5 73.8

TGA curves of PVA10 and PVA30 nanocomposite polymer membranes also
exhibit three major weight loss regions. The first region at a temperature of
80-160 °C is also due to the evaporation of weakly adsorbed water and the weight
loss of the membranes is about 9.5%. The second region at 260-350 °C is due to the
decomposition of side chain of PVA and glutaraldehyde in the composite
membranes, the weight loss of the membrane is only about 48.4% for PVAI10
and 36.7% for PVA30. The second main weight loss for the cross-linked PVA/
CaTiO5; composite membranes was reduced when compared with that of pure PVA.
The peak of third stage at 450 °C is due to the degradation backbone of cross-linked
PVA/CaTiO; polymer membrane. The weight loss of PVA10 was 78 and 58.6% for
PVA30. At 600 °C total weight loss for PVA10 is 91.5 and 73.8% for PVA30.

TGA results as shown in Fig. 12 indicate that at each stage the weight loss of
PVA membrane is more than that of composite membranes. This suggests that the
incorporation of CaTiOj3 into PVA matrix and its cross-linking with glutaraldehyde
improved thermal stability of the composite membranes [22, 40].
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Mechanical properties

AEMs must have good mechanical strength for applications in electrochemical
devices. The mechanical strength of composite membranes depends on the filler
content [45]. Figure 13 shows the tensile strength (TS) of membranes with varying
CaTiO;5 content and has the range of 20-46 M Pa. Compared to TS of Nafion-117
(34 M Pa), the prepared composite membranes exhibited better values [42]. As
shown in Fig. 13, the TS values increase with filler content up to 20 wt% CaTiO;
and then decrease with increasing filler content.

This shows that appropriate amount of filler content enhances the mechanical
properties of PVA composite membrane. It may be attributed to the reduction in
degree of crystallinity of the membrane and strengthened filler—matrix interactions
[6]. However, an excessive amount of filler content will decrease the mechanical
strength of the membranes due to the aggregation of filler particles that act as points
of crack propagations [11].

Chemical stability

The chemical stability of anion exchange membranes is an important parameter that
affects the performance of electrochemical devices, especially at high pH and strong
chemical environments. FT-IR spectrum of the membrane before and after alkaline
stability test is presented in Fig. 14a, b. To meet the requirements of the practical
applications in strong chemical environments, the prepared AEMs must have good
chemical stability, especially in the high pH environments. The results exhibit no
significant change in peak positions even after an exposure of membrane in alkaline
medium for 2 weeks. The peak in the region 3400-3200 cm™" is intensified due to
enhanced hydroxylation of calcium titanate in alkaline environment. In the
composite membrane, after alkaline stability test the characteristic vibrations of
calcium titanate exhibit no significant change in peak positions. During the alkaline
stability test, the membranes did not show any loss of weight. Fenton’s reagent is

Fig. 13 Tensile strength of 50 4
membranes with varying
CaTiO; content 45 Od

40 O

351

MPa

30
25 o

201 DO

5 10 15 20 25 30
CaTio, wt %
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Fig. 14 FT-IR spectrum of the membrane (a) before alkaline stability test, (b) after alkaline stability test

used to simulate and accelerate the harsh operation environment for 24 h, in which
the OH and OOH' radicals formed from H,O, can cause the degradation of the
AEMs. All the membranes did not show any physical deformation or colour change
and the membrane exhibited a weight loss less than (~ 3%) after 24 h of Fenton’s
test as shown in Fig. 15. This indicates the adequate oxidative stability of the
synthesized membranes under oxidizing conditions.

Performance of CaTiO3z/PVA membrane as separator in all-iron flow
battery

The cell voltage—time curve measured during the charging and discharging of an all-
iron redox flow cell using the prepared membrane as separator is shown in Fig. 16.
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Fig. 16 The cell voltage—time curve of all iron redox flow cell during galvanostatic charge—discharge
experiment

A constant current density of 100 mA cm™> for charging and 50 mA cm™* for
discharging was used. Repeated charge—discharge measurement of the cell with
high-efficiency electrolyte at 100 mA cm™> demonstrated that high coulombic
efficiency (> 75%) could be maintained over repeated cycles. Higher coulombic
efficiency indicates low cross-mixing of ions [46]. These results confirm the
viability of the new composite membrane as a separator in all-iron redox flow
battery.

Conclusions

We have reported a novel method to synthesize phase pure calcium titanate
nanopowder by co-precipitating mixed oxalate hydroxide of calcium and titanium
(CaTi(OH),(C;04),) from a solution of potassium titanyl oxalate and calcium
chloride followed by calcination. The XRD pattern revealed the formation of phase
pure orthorhombic calcium titanate. The crystalline nature of the particles was also
revealed by HRTEM image, and particles are found to be in spherical shape, with an
average size of 200 nm. The nanocomposite membrane was fabricated by
incorporating calcium titanate into PVA matrix and exhibited improved thermal
stability and excellent mechanical properties without compromising ionic conduc-
tivity and chemical durability. The results showed that the membrane possessed
water uptake and ion exchange properties suitable for AEMs in various electro-
chemical devices. The composite membrane with 30 wt% of CaTiO; exhibited
maximum conductivity of 66 mS cm™' at room temperature. The galvanostatic
charge—discharge tests of all-iron redox flow cell using the PVA/calcium titanate
composite membrane as separator exhibited a coulombic efficiency of 75% during
repeated charge—discharge cycles.
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