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A B S T R A C T

The aim of this research is an evaluation of polyelectrolytes. In the application of zinc-iodine batteries (ZIBs),
polyelectrolytes have high stability, good cationic exchange properties and high ionic conductivity. Poly-
electrolytes are also cost-effective. Important component of ZIBs are cation exchange membranes (CEMs). CEMs
prevent the crossover of iodine and polyiodide from zinc (Zn) electrodes. However, available CEMs are costly and
have limited ionic conductivity at room temperature. CEMs are low-cost, have high stability and good cationic
exchange properties. Herein, polyelectrolyte membranes prepared from carboxymethyl cellulose (CMC) and
polyvinyl alcohol (PVA) are examined. It is seen that an increase in the ratio of PVA leads to enhanced ionic
conductivity as well as increased iodine and polyiodide crossover. ZIBs using polyelectrolytes having 75:25 wt.%
CMC/PVA and 50:50 wt.% CMC/PVA show decent performance and cycling stability. Due to their low-cost and
other salient features, CMC/PVA polyelectrolytes prove they have the capacity for use as cation exchange sepa-
rators in ZIBs.
1. Introduction

Owing to an excess of carbon dioxide (CO2) in the atmosphere, global
environmental issues are becoming progressively stringent (Abbasi et al.,
2019b; Apergis et al., 2020; Zhang, 2013). The use of renewable energy
sources, therefore, such as solar and wind, are rapidly developing.
Renewable energy sources are very intermittent and highly erratic; sta-
bilizing electricity production is becoming demanding (Ghiani and
Pisano, 2018; Guo et al., 2020; Li et al., 2020). Effective stabilization in
electricity production and utilization can be fulfilled using rechargeable
batteries. The demand for large-scale battery systems has increased
dramatically. Rechargeable batteries having a large capacity, reliable
safety and cost effectiveness are preferred (Frate et al., 2020; Guney and
Tepe, 2017; Rancilio et al., 2019).

As their capacity depends on their power, traditional enclosed bat-
teries are seen to have limited potential. Flow batteries, however, can
store active material on the outside and can independently scale up the
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power and capacity of the system (Perry and Weber, 2015). For this
reason, flow batteries demonstrate significant advantages over other
types of batteries. Existing flow batteries, however, are based on vana-
dium (V), which is toxic and costly. Therefore, the development of flow
batteries that are cheap and eco-friendly is of vital importance (Chen
et al., 2018; García-Quismondo et al., 2019).

Nowadays, due to their low-cost, high stability and eco-friendliness,
Zn-based aqueous flow batteries are much in demand (Hosseini et al.,
2019; Hosseini et al., 2018a,b; Lao-atiman et al., 2019). Among various
Zn-based redox chemistries, the iodide/iodine (I�/I2) redox couple show
the most promise and excellent electrochemical performance. The
abundance of iodine in ocean water (50–60 mg/l) meets the need for
sustainable energy (Gong et al., 2017). ZIBs exhibit much higher volu-
metric energy density than other flow battery systems (Mousavi et al.,
2020). In Figure 1a, a schematic diagram of a ZIB is shown. ZIBs use
iodine solution as an active catholyte and a porous carbon electrode as
the cathode. Previous studies suggest that a CEM separator is pivotal in
7 October 2020
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Figure 1. Schematic diagram and functions of CEM separator in ZIBs: (a) Schematic diagram of ZIBs and (b) Functions of CEM separator in ZIBs.
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determining the performance of ZIBs (Weng et al., 2017; Xie et al., 2020).
As shown in Figure 1b, a CEM separator facilitates the transfer of Zn ions
across cells while preventing the crossover of iodine and polyiodide.

One of the most significant obstacles limiting ZIBs from achieving
their expected performance is the very high cost of commercial CEMs
(Weng et al., 2017; Xie et al., 2019). Subsequently, developments are
duly being carried out to produce alternative low-cost CEMs, having
excellent chemical resistance, good mechanical stability, and decent
ionic conductivity (Bhunia and Dutta, 2018). Anionic polyelectrolytes,
which are capable of cation exchange, are favorable alternatives to costly
CEMs.

Of the various types of anionic polyelectrolytes, CMCs exhibit great
promise due to their biocompatibility, low-cost, and good film-forming
ability (Saadiah et al., 2019). A CMC molecule contains fixed negative
charge carriers and mobile positive charge carriers (Parman, 1983;
Valappil et al., 2013). A CMC molecule can also form a complex with
some salts, resulting in the enhancement of ionic conductivity (Isa and
Samsudin, 2016). CMCs have been applied in various applications such
as superabsorbent hydrogel skin-protection and biopolymer electrolytes
(Gao et al., 2017; Shin et al., 2020). Mechanical properties of CMCs can
be improved by blending with other polymers. PVA is an interesting
polymer for blending with CMCs due to its prominent advantage of a
physical crosslinking between hydroxyl groups (Gao et al., 2017; Kumar
et al., 2019). However, studies on the application of CMCs and PVA
polyelectrolytes in ZIBs have not been properly addressed. The cation
exchange property of CMC for use as a low-cost separator in ZIBs and
other batteries shows promise.

A Zn-iodine flow battery (ZIFB) was first demonstrated by the PNNL
National Laboratory at Northwestern University (Li et al., 2015). The
ZIFB exhibited excellent performance delivering a volumetric energy
density of 167 Wh/l, which is close to the energy density of common
lithium-ion batteries (LIBs). Weng et al. (2017) reported another ZIFB
system using bromide ions as a complexing agent to stabilize free iodine
in the electrolyte, improving energy density even more. ZIFBs, however,
are still limited on account of their short cycle life (<50 cycles), low
current density (<10 mA cm�2), and relatively high cost, resulting from
the costly Nafion membrane (500–700 $ m�2). Both the low conductivity
of electrolytes and the low ionic conductivity of the Nafion membrane, in
a neutral electrolyte, can lead to low discharge current densities of ZIFBs
(Yuan et al., 2016).

In this work, rechargeable ZIBs using polyelectrolyte membrane
separators, having different ratios of CMC/PVA, are investigated.
Graphite felt, having a highly porous architecture, is used as the positive
electrode. As for the negative electrode, Zn electrodeposited on graphite
felt is employed. Detailed material and methods can be found in the
accompanying supplemental file (Supplemental_Information.docx). Re-
sults highlight the capability of CMC/PVA polyelectrolytes for use as
CEM separators in ZIBs. The effects of the ratios of CMC/PVA on per-
formance of ZIB are studied.
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2. Results and discussion

The structures of CMC and PVA were investigated via Fourier
Transform Infrared Spectroscopy (FTIR). In Figures. 2a and b, the FTIR
spectra of CMC and PVA are presented. At 1065 cm�1, 1326 cm�1, 1417
cm�1, 1603 cm�1 and 3442 cm�1, corresponding to C-O-C bonding, O-H
bonding, -CH2 scissoring, COO- asymmetric and -OH stretching, the ab-
sorption bands of CMC can be seen. These results were found to be in
good agreement with those reported by Saadiah et al., confirming the
presence of cellulose and carboxymethyl groups which are the backbone
of CMC (Saadiah et al., 2019). At 849 cm�1, 1093 cm�1, 1376 cm�1 and
3326 cm�1, corresponding to C-C bonding, C-O stretching, C-H wagging,
and -OH stretching, the absorption bands of PVA can be observed. In
addition, the absorption bands in the range: 1065 - 1376 cm�1 represent
the vibration of the carbon skeletal of the cellulose backbone structure
(El-Sawy et al., 2010).

According to Riaz and Ashraf (2014), the mechanical properties of a
polymer blend are directly related to the molecular chain between the
constituent polymers and their miscibility, in which interaction between
the functional groups in the polymer blend could be observed via FTIR.
The properties of a homogeneous blend are often an arithmetical average
of the properties of each component whilst the miscibility of the com-
ponents is usually caused by the formation of hydrogen bonds. The
common complexation between CMC and PVA is through hydrogen
bonding. Hydrogen bonding is an important factor which affects the
crystalline nature of the polymer (Dias et al., 2011).

As shown in Figure 2b, the absorption bands in the region of 3400
cm�1 represent all types of hydrogen bonds (-OH groups). Meanwhile,
the peaks shifted their position due to the process of complexation. In the
CMC-PVA blend, the peaks of the pure CMC: 1065 cm�1, 1326 cm�1,
1417 cm�1 and 1603 cm�1 shifted position slightly as follows: 1059
cm�1, 1314 cm�1, 1413 cm�1 and 1619 cm�1. In addition, the peaks of
the pure PVA: 849 cm�1, 1093 cm�1 and 1376 cm�1 also shifted position
slightly: 849 cm�1, 1106 cm�1 and 1382 cm�1.

As illustrated in Figures. 3a and b, the new shoulder of absorption
regions appear at 849 cm�1 and 1714 cm�1 in C25. These regions
represent C-C of PVA. When CMC was added, the intensities of the ab-
sorption peaks of PVA i.e. 849 cm�1, 1382 cm�1, 1714 cm�1 and 2942
cm�1 decreased. Some peaks, however, disappeared such as the pure
CMC peak at 2930 cm�1 (C-H) and the pure PVA peak at 1259 cm�1

(-OH). Shin et al. (2020) reported that the FTIR spectra of PVA/CS
(chitosan) polymer blend at 1255 cm�1 disappeared (-OH of pure PVA)
and that hydrogen bonds formed between PVA and CS.

In Figure 3a, the interaction between CMC and PVA molecules is
presented. At wavenumbers 1059 cm�1 to 1106 cm�1, a band appeared
which is attributed to ether linkage (C-O-C), consisting of an oxygen site
that could form intermolecular hydrogen bonding with other molecules.
In Figure 3b, the peaks in the region between 1314-1619 cm�1 can be
seen to correspond to the carboxylate and hydroxyl groups where the



Figure 2. FTIR spectra of (a) Pure CMC and (b) Pure PVA.
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intensity of both peaks increased, as the ratio of CMC increased. Inter-
molecular hydrogen bonding for the CMC/PVA system occurs at the re-
gion assigned to the bonding of -OH and -COO functional groups for the
complexation (Saadiah et al., 2019). In Figure 3c, it was noted that the
addition of CMC led to the formation of hydrogen bonds of the hydroxyl
groups, as crosslinking increased; thus, the absorption bands in the re-
gion 3200-3500 cm�1 were seen to get wider (Shin et al., 2020). Besides,
at 2942 cm�1, a small peak is seen which represents -CH stretching.
Figure 3. FTIR spectra for CMC/PVA polyelectrolytes in wavenumbers o
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Consequently, C75 showed significant changes because the highest
interaction occurred between CMC and PVA.

As shown in Figure 4, SEM images of the surface morphology of the
polyelectrolyte membranes are shown. It can be observed that the sur-
faces of the images C25, C50 and C75 are not smooth and each structure
is very flaky. Apparently, the polyelectrolyte membranes, having a higher
ratio of CMC, exhibit a flaky structure and smaller sized pores. The more
compact morphology and lesser pore structure act as a barrier to water
f: (a) 800-1200 cm�1 (b) 1200-1800 cm�1 and (c) 2800-4000 cm�1



Figure 4. SEM images of C25, C50 and C75 (from left to right).
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diffusion (Handaya Saputra and Huda Apriliana, 2018). In comparison,
C25 had larger pores and a less compact structure.

The ionic conductivity of each polyelectrolyte membrane was deter-
mined via EIS (Abbasi et al., 2019a). In Figure 5a, the ionic conductivity
of the membrane as a function of CMC ratio is shown. It is noted that the
ionic conductivity of C25 was higher than the others. In contrast, C75
exhibited the lowest ionic conductivity. The ionic conductivities of C25,
C50, and C75 are as follows: 119.8 mS/cm2, 93.5 mS/cm2, and 48.7
mS/cm2, respectively. In Figure 5b, the trend of iodine and polyiodide
crossover of each membrane is presented. It was found that the iodine
and polyiodide crossover exhibited a similar trend to the ionic conduc-
tivity. C75 demonstrated the lowest iodine and polyiodide crossover,
indicating the highest iodine blocking effect.

It is acknowledged that PVA consists of hydroxyl groups that provide
hydrogen bonding with CMC and water. These hydroxyl groups of PVA
can absorb a large amount of water and hence encourage ionic conduc-
tivity (Alipoori et al., 2020). In the case of C75, the movement of ions
through the membrane was beset by obstacles because the
cation-exchange property of CMC only allowed cations to penetrate
through the membrane, preventing other species. However, the mem-
brane in all cases could not totally prevent the iodine and polyiodide
crossover because iodine molecules could pass through the membrane
via different mechanisms (Svensson and Kloo, 2003). During the
long-term experiment, the leaking of a small amount of iodine to the
anolyte could be observed.

In Figure 6a, the discharge polarization of ZIBs using C25, C50 and
C75 is shown. In all cases, the batteries indicated ohmic polarization
characteristic, which was dominated by the internal resistance, as
contributed by the separator, electrode, and current collector. In deter-
mining battery performance, ionic conductivity plays an important role.
A battery using a membrane having high ionic conductivity could
discharge at a higher voltage. The ionic conductivity of polyelectrolytes
strongly affects internal resistance and can determine the performance of
the batteries. Although C25 exhibited the highest ionic conductivity as
well as the highest battery performance, its poor iodine and polyiodide
Figure 5. Ionic conductivity and iodine and polyiodide crossover of different polyele
and polyiodide crossover of C25, C50 and C75.
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crossover raised concern about its long-term stability. C25 was excluded,
therefore, from the galvanostatic charge-discharge cycling test.

In Figure 6b, the galvanostatic charge-discharge cycling of ZIBs using
C50 and C75 is presented. As shown in Figure 6b, both charge and
discharge voltages follow the trend of ionic conductivity. Due to their
galvanostatic cycling performance, the C50 and C75 cells provided
excellent reversibility; cycle life reached more than 300 cycles. During
the long-term cycling, discharge voltage dropped slightly, and charge
voltage increased just a little. In Figure 6c, at the 1st cycle, the voltage
gap between charge and discharge of the C50 and C75 cells was found to
be 0.485 V and 0.648 V, respectively. This voltage gap occurred as a
result of the iodine and polyiodide crossover, which increased through
time. In Figure 6d, at the 90th cycle, the voltage gap of the C50 cell
increased to 0.569 V, exhibiting a 17.32% increase in voltage gap. In
contrast, the voltage gap of the C75 cell decreased slightly to 0.645 V, a
decrease of 0.46%. Consequently, C75 demonstrated higher stability. The
high stability of the C75 cell was due to the smaller iodine and polyiodide
crossover during the long-term cycling.

The stability of the C75 membrane was further studied via FTIR. In
Figure 7, the spectra for the membrane sample immersed in 0.5 N iodine
solution (10 ml), at different periods of time (0–24 h), can be observed.
Previous studies on the spectrum band of alkyl halide reported that alkyl
halide vibration frequencies appeared in the region 550-850 cm�1

(Coates, 2006; Vidya and Nikhil, 2016). Alkyl halides are compounds in
which one or more hydrogen atoms have been substituted by halogen
atoms. The absorption band at 490-620 cm�1 is attributed to halogen
compounds viz. C-I stretching (Coates, 2006). Owing to the different
electronegativity between the halogen and carbon atoms, the C-halogen
bonds were found to be polar. However, in the case of the C-I bond, the
electronegativity between carbon and iodine were found to be similar,
forming temporary dipoles between carbon and iodine. This outcome led
to a weak bond between carbon and iodine atoms. In the polymeric
chain, iodine atoms were seen to migrate and bond together with
different carbon atoms.

In Figure 7a, a peak appeared at around 612 cm�1 together with
another small peak at 571 cm�1, corresponding to the alkyl halide which
ctrolyte membranes: (a) Ionic conductivities of C25, C50 and C75 and (b) Iodine



Figure 6. Electrochemical performances of ZIBs using different polyelectrolyte membranes: (a) Polarization of the voltage with respect to the current density 5–50
mA/cm2 (b) Galvanostatic cycling test of C50 and C75 battery at current density 10 mA/cm2 (c) Galvanostatic cycling test from 0-100 s and (d) Galvanostatic cycling
test from 4900-5000 s.

P. Tangthuam et al. Heliyon 6 (2020) e05391
suddenly developed after the membrane was immersed in iodine longer
than 6 h. Results demonstrated that iodo compounds occurred in the
system. As for the band region viz. 1150-1300 cm�1, this region corre-
sponded to C-H wagging, in the presence of alkyl halides. Meanwhile, the
spectrum peak at 984 cm�1 is attributed to the C-H stretching vibration.
The phenomenon of the alkyl halogen relates to the crossover of iodine
and polyiodide in the system after the C75 membrane had been
Figure 7. FTIR spectra for the hydrogel membrane immersed in iodine ele
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immersed in iodine for a long time. Results revealed that the crossover of
the iodine and polyiodidewas due to the appearance of the alkyl halide in
the CMC/PVA polyelectrolyte membrane system.

Zhang et al. (2018) reported that a ZIB exhibited a significantly high
discharge voltage i.e.1.47V at 10 mA/cm2, as the anolyte contained
alkaline solution. This outcome occurred due to the dissolution of Zn in
an alkaline solution, resulting in a more negative potential than in an
ctrolyte in wavenumbers: a) 500-1800 cm�1 and b) 2800-4000 cm�1
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acidic solution. Nafion 117 was used as separator. However, the use of
polyelectrolyte membranes in the system having alkaline anolytes must
be examined further. Li et al. (2015) reported that the discharge voltage
exhibited 1.10V at 10 mA/cm2 in the ZnI2 electrolyte system and used
Nafion 115 as the separator. As observed, the above results differed due
to the various parameters used: electrolyte, negative electrode, current
collector, separator, and cell configuration. As for the positive electrode,
all works used graphite felt. The ZIBs which used CMC/PVA poly-
electrolyte membranes exhibited comparable performances: namely,
1.12 discharge voltage (C50) and 1.02 discharge voltage (C75). Hence,
the CMC/PVA membranes proved to have a competitive cost advantage.
When employed on a large-scale, this cost-benefit can be in their favor.
Based on their excellent ionic conductivity and decent stability,
CMC/PVA polyelectrolytes can be considered as promising CEM sepa-
rators for ZIBs.

3. Conclusion

This paper investigated the effect of polyelectrolyte membranes,
having different ratios of CMC/PVA, for use as CEM separators in ZIBs. It
is evident that the polyelectrolyte membranes were found to prevent the
crossover of both iodine and polyiodide. Besides, the increase in ratio of
CMC in the separator provided greater cationic exchange property. The
ionic conductivity of the polyelectrolyte membranes is proportionally
related to the ratio of PVA. Nevertheless, the membranes having higher
ionic conductivity exhibited higher iodine and polyiodide crossover.
Though C25 demonstrated the highest ionic conductivity having 1.12V
discharge at 10 mA/cm2, its high iodine and polyiodide crossover raised
concern regarding its long-term stability. The ZIBs using C50 and C75
membranes displayed acceptable charge-discharge performance and
good cycling stability. CMC/PVA polyelectrolytes show high potential as
low-cost CEM separators for ZIBs. This concept can be extended to other
types of battery that require cation exchange properties.
3.1. Limitations of the study

The zinc-iodine batteries proposed here still suffer from a small
amount of iodine and polyiodide crossover, reflecting their long-term
stability. A further in-depth study about the mechanism of iodine
migration in different polyelectrolytes, as well as its kinetics, might
afford a more effective iodine blocking. In addition, performance of the
cells was examined using a static H-cell instead of a flow battery. Thus,
implementation of the polyelectrolytes in a flow battery configuration is
essential to evaluate their practical potential in ZIBs.
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