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The issue of polyiodide crossover at an iodine cathode significantly diminishes the efficiency and practicality
of aqueous zinc—iodine flow batteries (ZIFBs). To address this challenge, we have introduced a localized
high iodine concentration (LHIC) coating layer onto a porous polyolefin membrane, which featured
strong chemical adsorption by exploiting adduct chemistry between the iodine species and a series of
low-cost oxides, e.g., MgO, CeO,, ZrO,, TiO,, and AlLOs. Leveraging the LHIC based on the potent
iodine adsorption capability, the as-fabricated MgO-LHIC composite membrane effectively mitigates
iodine crossover via Donnan repulsion and concentration gradient effects. At a high volumetric capacity
of 17.8 Ah LY ZIFBs utilizing a MgO-LHIC composite membrane exhibited improved coulombic
efficiency (CE) and energy efficiency (EE) of 96.3% and 68.6%, respectively, along with long-term cycling
stability of 170 cycles. These results significantly outperform those of ZIFBs based on a blank polyolefin
membrane (78.2%/61.9% after 60 cycles) and the widely used commercial Nafion N117 (67.8%/53.0%

after 23 cycles). Even under high-temperature conditions (60 °C), the LHIC-based battery still
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EE: 61.1%/46.8%). Our pioneering research showcases enormous prospects for developing high-

DOI: 10.1035/d4sc04206a efficiency and low-cost composite membranes based on adduct chemistry for large-scale energy
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Introduction

Large-scale and low-cost energy storage is a crucial technology
in addressing the intermittent and unstable nature of renew-
able energy sources like wind and solar energy, thereby
enhancing their utilization efficiency.” Flow batteries (FBs)
have emerged as promising candidates with design flexibility,
excellent scalability, and decoupled power and energy
characteristics.** Among them, zinc-iodine flow batteries
(ZIFBs) have garnered significant attention due to their low cost,
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intrinsic safety, and superior electrochemical performance."*"**
However, the issue of polyiodide I,” cross-over in ZIFBs,
particularly at a high areal capacity, results in continuous
capacity loss, leading to low coulombic efficiency (CE) and low
energy efficiency (EE) (Fig. 1a and b)."**® In addition, FBs as
large-scale energy storage systems would be integrated with
outdoor clean energy conversion systems which inevitably
expose them to high-temperature environments, where the high
temperature would exacerbate the shuttling of active polyiodide
anions across the membrane resulting in inferior CE and EE of
the ZIFBs.”*>

Enhancing the selectivity of the membrane can effectively
avoid shuttling in ZIFBs at both normal and high temperatures.
While relatively expensive fluorinated Nafion membranes are
widely used in flow battery systems due to their good selectivity
to enable high CE, they feature limited permeability for the
cations in ZIFBS, leading to inferior voltage efficiency (VE) at
high current densities and compromising the EE and power
density in ZIFBs.”**” On the other hand, low-cost porous poly-
olefin membranes have emerged as a viable alternative
membrane candidate for improved power, offering good
permeability but featuring inferior selectivity.***' To improve
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Fig. 1 Different processes in ZIFBs with a porous polyolefin
membrane and a LHIC composite membrane. (a) Schematic of a ZIFB
employing ZnBr; as the negolyte and Znl, as the posolyte. (b) Cross-
over of I,~ through the porous polyolefin membrane would lead to
rapid cell failure of ZIFBs. (c) A LHIC composite membrane repels the
negatively charged active materials (I, ) from cross-over owing to the
negatively charged MgO layer.

the selectivity of porous polyolefin membranes, one applicable
strategy in different FB systems is constructing a composite
membrane by introducing a selectively sieving coating layer
onto the membranes, where the working principle is generally
based on the size-sieving effect and the Donnan effect. Specifi-
cally, the size-sieving materials utilized are finely tailored in
structure and size, such as zeolites,** metal-organic frame-
works,** polyamides,* and two-dimensional materials.>**°
These coating materials would be correlated to complex
synthesis steps with high costs to construct a precise and
selective ion transport pathway. On the other hand, regarding
the Donnan effect, Lu et al. recently developed a one-step low-
cost but highly effective strategy to introduce the common
Ketjen black (KB) as an adsorption layer to concentrate the
polysulfide anions on the membrane surface,”” where a local-
ized high concentration layer of the active species was con-
structed with strong electrostatic repulsion based on the
Donnan effect. Consequently, the issue of
polysulfide/polyiodide was effectively suppressed to obtain
improved CE and enhanced cycling stability of the iodine-
sulfur FBs. Inspired by this concept, the introduction of
a localized high iodine concentration (LHIC) layer onto the
membrane of ZIFBs could accommodate the concentration
gradient effect and the Donnan effect, which was highly
possible to solve the cross-over issue of polyiodide anions.
However, despite the effectiveness of applying LHIC to prevent
the shuttling of active species, there have been few attempts to
develop a LHIC coating layer in ZIFB systems to inhibit the
cross-over issue of charged iodine species.

Previously, Klabunde and colleagues®®** reported a series of
low-cost and sustainable oxides that exhibit strong physico-
chemical adsorption towards halogens, forming halogen-oxide
adducts with strong halogen adsorption capability as effective
halogen carriers in antimicrobial applications. Taking advan-
tage of the strong adsorption properties between the oxides and
iodine, it has high potential to construct a LHIC coating layer

Cross-over
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onto a porous polyolefin membrane, where the selectivity of the
porous polyolefin membrane for active iodine species in ZIFBs
could be enhanced as illustrated in Fig. 1c.

Here, a series of effective LHIC coating layers based on
iodine-oxide adducts were developed and introduced onto
a porous membrane. The research on the stability of a series of
oxide-halogen adducts, such as MgO, CeO,, ZrO,, TiO,, and
Al, O3, revealed that MgO-iodine adducts exhibited the highest
iodine adsorption energy to enable the most effective LHIC
layer. Consequently, the LHIC composite membrane based on
MgO nanoparticles featured superior Donnan exclusion and
concentration gradient effects to limit polyiodide (I, ) shuttling
and mitigate the capacity loss problem of ZIFBs, achieving
improved CE and long-term cycle stability. This study presents
a cost-effective and feasible implementable strategy for tackling
the longstanding challenge of polyiodide capacity loss, thereby
enhancing the practical viability of ZIFBs for large-scale and
low-cost energy storage.

Results and discussion
Adsorption stability of different oxide-iodine adducts

The iodine-oxide adducts were prepared by one-step mixing of
commercial oxides with the iodine catholyte solution at
a simulated 50% state of charge, where the active iodine
species, ie., polyiodides as I;~ and Is , could undergo strong
chemical adsorption with the oxides. Ideally, the stronger the
adsorption ability, the more stable the oxide-iodine adducts,
which is also more conducive to constructing long-term stable
LHIC coating. Specifically, according to the digital image of the
as-obtained adducts, MgO exhibited the deepest color such as
dark brown (Fig. 2a). In contrast, slight color differences are
observed among the other oxides, indicating that MgO had the
strongest adsorption capability (Fig. 2a). To investigate the
adsorption capacity of different oxides, the oxide-polyiodide
mixture was placed in a 70 °C oven to evaporate the I, species to
obtain the mass retention plot shown in Fig. 2b. It is worth
noting that after drying for 72 hours, the iodine mass retention
ratio based on MgO was up to 90.81%, which was significantly
higher than those of other oxides (56.1% for Al,O3, 60.8% for
TiO,, 61.0% for ZrO,, and 71.7% for CeO,). With the prolon-
gation of drying time, only the color of MgO remained
unchanged as shown in Fig. S1,7 while the colors of other oxide-
based adducts faded to varying degrees. This indicates that
MgO has a strong and long-lasting adsorption capacity for
iodine. The XRD peak at 18.5° assigned to iodine is maintained
throughout the evaporation process for 72 h (Fig. 2c and S27),
which did not appear in the remaining oxides. Moreover, no
apparent changes were observed in the morphology of different
oxides after different drying times (Fig. S3-S71). Taken together,
these results indicate that MgO has the strongest adsorption
interactions with iodine to form stable adducts.

Furthermore, the adducts were analyzed by Raman spec-
troscopy, and the normalized data showed a gradual decrease in
the Is /I3 ratio with increasing drying time. This ratio decrease
can be attributed to the reduction in adsorption capacities of
different oxides for polyiodides, where weaker adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Optical photographs of different pristine oxides and the
adsorbed adducts. (b) lodine mass retention in different adducts by
placing at 70 °C for different durations. (c) XRD profiles of MgO and the
MgO-iodine adduct with the drying duration. (d) Raman spectra of the
MgO-iodine adduct with different drying durations. (e) The ratio
variations of I37/ls~ in different oxide—iodine adducts with different
drying durations according to the Raman results in Fig. S8.1 (f)
Adsorption configurations of polyiodides on different oxides, respec-
tively. (g) Comparison of adsorption energies with I3~ and Is~ in
different adducts, respectively.

corresponded to iodine volatilization. After 72 hours of drying,
the Raman peak intensity ratio of the Is/I;~ based on MgO
(0.876) was significantly higher than those of Al,0; (0.424), TiO,
(0.611), ZrO, (0.622), and CeO, (0.711) (Fig. 2d, e and S8%). To
explain the intrinsic reason for the strong adsorption capability
of MgO, molecular dynamics simulations were employed to
calculate the binding energies between oxides and polyiodide
anions (such as I;” and I5 ), and the corresponding stable
adsorption configurations are illustrated in Fig. 2f. The results
revealed that MgO exhibited the largest molecular adsorption
energy with binding energies of —5.12 eV and —6.07 eV for I3~
and I, respectively (Fig. 2g). In contrast, the binding energies
of CeO, (—4.22 eV, —4.63 eV), ZrO, (—3.13 eV, —3.89 eV), TiO,
(—2.92 eV, —3.88 eV), and Al,0;3 (—1.86 eV, —2.73 eV) are lower
than those of MgO. These results align with the previous
experimental observations that the MgO-iodine adducts are the
most stable ones.*** Therefore, MgO-iodine adducts could
have high potential to construct long-term stable composite
membranes with high iodine concentration.

Permeability and ion selectivity of LHIC composite
membranes

Subsequently, the iodine-oxide adducts were coated onto
a porous polyolefin membrane to construct the LHIC-composite
membranes (details are provided in the Experimental section),
and their corresponding permeability and ion selectivity were
investigated. Specifically, different metal oxide-based LHIC
composite membranes were prepared using an identical
protocol and marked as X-LHIC composite membranes, where

© 2024 The Author(s). Published by the Royal Society of Chemistry
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X represents different oxides, and a blank porous polyolefin
membrane was comparatively studied. The composite
membranes with different loading contents of MgO were eval-
uated using the rate performance of ZIFBs, where the one with
the content loading of 2 mg cm™? exhibited superior CE and EE
performance (Fig. S91). Consequently, the 2 mg cm™>loaded
membranes were thereafter applied to evaluate the battery
performance for different X-LHIC composite membranes. First,
permeation experiments followed the protocol illustrated in Fig.
S10t, wherein the inhibition of iodine species cross-over issue
by different LHIC-composite membranes can be observed, and
UV-vis spectra of the permeation side after different durations
are shown in Fig. S11.7 More specifically, the MgO-LHIC-based
composite membrane demonstrated highly effective suppres-
sion of iodine permeation after 48 hours, and the permeation
side color remained almost transparent (Fig. 3a), with a much
lower absorbance (0.031) than those of other X-LHIC composite
membranes (Fig. S12-S167). Based on these permeation results,
the plots of —In(1—Cg/C,) vs. permeation time for different X-
LHIC composite membranes are shown in Fig. 3b, where
calculations were performed to quantify the permeability of
these membranes, as presented in Fig. 3c. The permeability of
MgO-LHIC is as low as 8.9 x 10~% cm® min ', which was
significantly lower than those of CeO,/ZrO,/TiO,/Al,05-LHIC
(9.8 x 1077,4.5 x 107%, 4.5 x 10, and 9.6 x 10"’ cm® min *,
respectively) and the blank porous polyolefin membrane (3.4 x
107 ¢cm® min~'). Thus, these results demonstrate that the
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Fig. 3 (a) UV-vis analysis of the permeate side based on the MgO-
LHIC composite membrane. The inset shows the corresponding
optical photographs. (b) The I~ permeability through different
membranes in blank 1 M Kl,. The fits of the —In(1-Cg/Cx) vs. t (time)
plots were obtained by linear fitting. (c) The corresponding perme-
ability of different X-LHIC composite membranes. (d) SEM cross-
section of the MgO-LHIC composite membrane. (e) Comparison of
ionic conductivities between the porous polyolefin membrane and
MgO-LHIC composite membrane. (f) /-V curves of the blank porous
polyolefin membrane and MgO-LHIC membrane. (g) Zeta potential of
the porous polyolefin membrane and the MgO-LHIC composite
membrane. (h) Donnan repulsion diagram of the MgO-LHIC
composite membrane.
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MgO-LHIC composite membrane exhibits the best anti-iodine
permeability to deliver the improved electrochemical perfor-
mance of the ZIFBs.

The cross-sectional SEM image of the prepared MgO-LHIC
composite membrane is shown in Fig. 3d, where the thick-
ness of the MgO-LHIC coating layer was 7.6 um. Even though
the introduction of hydrophobic poly(vinylidene fluoride) as
a binder could unavoidably increase the contact angle of MgO-
LHIC composite membranes, through proper control of the
mass ratio, the contact angles of MgO-LHIC (72.1°) and porous
polyolefin membranes (69.4°) were comparable that the ion
transport would not be largely influenced (Fig. S171). Moreover,
ion conductivity tests were performed on these membranes,
and the MgO-LHIC composite membrane (15.1 mS cm™ ")
exhibited slightly lower conductivity than the porous polyolefin
membrane (16.7 mS cm ™ ') (Fig. 3f and $18).

To qualitatively analyze the ionic selectivity of the MgO-LHIC
composite membrane (Fig. 3g), drift-diffusion tests on MgO-
LHIC and porous polyolefin membranes were conducted
using a KCl solution with a concentration gradient of 10 (¢rans/
cis = 100 mM/10 mM).**** The essential parameters such as the
short-circuit current (Isc) and reversal potential (E..,) were
measured to evaluate the charged state of membranes for ion
selectivity. Under the concentration gradient of trans/cis = 100
mM/10 mM, a negative Isc and a positive E,., indicate the
anodic selectivity for the blank polyolefin membrane. In
contrast, a positive Isc and a negative E,., of the MgO-LHIC
composite membrane revealed its cationic selectivity feature.
To further investigate the electrostatic repulsion of the
membrane, zeta potentials were comparatively measured on the
MgO-LHIC composite membrane and porous polyolefin
membrane (Fig. 3h). The MgO-LHIC composite membrane
presented a negative zeta potential of —1.71 mV originating
from the adsorbed negatively charged iodine species in MgO-
LHIC, while the porous polyolefin membrane exhibited a posi-
tively charged potential of 5.56 mV. The magnitude of zeta
potential indicates the degree of electrostatic repulsion, with
a negative zeta potential representing a net negative charge on
the membrane surface. Therefore, compared with a blank
the MgO-LHIC composite
membrane could accommodate the electrostatic repulsion
properties against the permeation of active anions, ie., the
polyiodides I3~ and Is~, based on the Donnan repulsion effect.
Taken together, these results demonstrate the strong chemical
adsorption between MgO and iodine based on the adduct
formation, where a concentrated negative charge layer onto the
membrane facing the cathode side could effectively suppress
the shuttling of polyiodide anions (Fig. 3i).

porous polyolefin membrane,

Electrochemical performance of ZIFBs at different
temperatures

The electrochemical performance of ZIFBs was tested to eval-
uate the effect of the MgO-LHIC composite membrane. The
MgO-LHIC composite membrane was pretreated in the iodine
catholyte of simulated 50% SOC (Fig. S19%) and the configura-
tion details of the flow cells are shown in Fig. S20 and S21.}
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Specifically, the CE increased from 98.2% to 99.5% as the
current density varied from 10 mA ecm™> to 100 mA cm ™ in
MgO-LHIC assembled ZIFBs (Fig. 4a and S221). The corre-
sponding voltage profiles of ZIFBs using the MgO-LHIC
composite membrane are revealed in Fig. 4b. Even at a high
current density of 50 mA cm™ 2, the EE reached 58.3%, signifi-
cantly higher than that of the porous polyolefin membrane
(55.1%) (Fig. S23 and S247), due to the lower permeability of the
MgO-LHIC composite membrane to polyiodides.

Based on the discharge polarization and power density
curves in Fig. 4c, the highest power density of batteries
assembled with a MgO-LHIC composite membrane was 73.1
mW cm ™2 at a current density of 110 mA cm™ > In contrast,
blank porous polyolefin membrane-based ZIFBs only achieved
a peak power density of 63.4 mW cm > at a current density of
100 mA cm 2. At a high volumetric capacity of 17.8 Ah L™ (50%
SOC, 20 mA h cm™?), the ZIFBs based on the MgO-LHIC
membrane delivered almost no capacity decay observed after
170 cycles (Fig. 4d and e), whereas the unmodified blank
membrane exhibited significant deterioration within 60 cycles
(Fig. 4f and g). Moreover, the CE and EE of MgO-LHIC
composite membrane-based ZIFBs reached 96.3% and 68.6%
in 170 cycles, respectively, far surpassing the CE (78.2%) and EE
(61.9%) of blank porous polyolefin membrane-based ZIFBs in
60 cycles. This further validates the effectiveness of suppression
on iodine crossover by the LHIC-based membrane. Meanwhile,
ultraviolet-visible spectroscopy (UV-vis) was used to evaluate the
cycled anolyte to further examine the selectivity of the
membrane. As shown in Fig. S25,f there was no significant
change in anolyte absorbance of the MgO-LHIC composite
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Fig. 4 (a) CE, VE, and EE of ZIFBs based on the MgO-LHIC composite
membrane at different current densities. (b) Charge—discharge curves
of the MgO-LHIC composite membrane-based ZIFBs at different
current densities. (c) The voltage and power density of the ZIFBs based
on the porous polyolefin membrane and MgO-LHIC composite
membrane, respectively. (d and e) The cycling performance of ZIFBs at
20 mA cm ™2 based on the MgO-LHIC composite membrane and the
corresponding capacity—voltage profiles at different cycles. (f and g)
The cycling performance of ZIFBs at 20 mA cm™2 based on the porous
polyolefin membrane and the selected capacity—voltage profiles.
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membrane-based ZIFBs before and after 50 cycles, which could
be ascribed to the effective inhibition of iodine crossover. It
should be noted that the iodine shuttle effect could not be
completely avoided (as inferred from the low current CE). The
shuttled iodine might spontaneously react with zinc, forming
the zinc iodide solution, which could lead to the absence of
detectable iodine in the anolyte. This further demonstrated the
reversibility of ZIFBs. Furthermore, the surface morphology of
the MgO coating showed no significant change after cycling in
Fig. S26,f compared to that before cycling. And the zeta
potential of the MgO composite membrane remained negative
after 50 cycles (—2.04 mV), as shown in Fig. S27,1 showing
a slight increase from the initial value (—1.71 mV), as displayed
in Fig. 3g, due to the adsorption of additional I, during cycling.
These results showed good stability of the MgO coating. Addi-
tionally, the testing was also applied for N117 membranes and
carbon layer composite membranes under the same conditions.
Although the CE of N117-based ZIFBs remained above 98%
during the initial 15 cycles, the rapid failure of the battery was
observed in subsequent cycles due to zinc dendrite penetration
through the separator (Fig. S28 and S297). As shown in Fig.
$30,t the initial coulombic efficiency (93%) of the carbon layer
membrane-based batteries at 10 mA em ™2 was lower than that
of the MgO-LHIC membrane-based flow batteries (>98%)
(Fig. 4a), suggesting that the MgO-LHIC layer is more effective
for the suppression of polyiodide shuttling. The above results
indicate that, compared with the blank porous polyolefin and
N117 membranes, the as-developed MgO-LHIC composite
membrane could not only lead to higher energy efficiency but
also to superior cycling stability of ZIFBs.

To evaluate the energy storage application of a flow battery in
high-temperature regions, the ZIFBs based on MgO-LHIC
composite membranes were characterized at a high tempera-
ture (60 °C), as shown in Fig. 5a and S31.} First, the rate
performance of MgO-LHIC-assembled ZIFBs exhibited an
increment in CE from 94% to 98% as the current density range
varied from 10 mA cm * to 100 mA cm™ 2 (Fig. 5b and S321),
significantly better than those of blank porous polyolefin
membrane-assembled ZIFBs (Fig. S33t). MgO-LHIC composite
membranes exhibited superior suppression of active iodine
cross-over, particularly at high temperatures. Moreover, the
corresponding voltage profiles of ZIFBs using different
membranes are presented in Fig. 5¢ and S34.7 The discharge
polarization and power density curves of blank porous poly-
olefin and MgO-LHIC composite membranes are presented in
Fig. 5d. They reveal that the batteries assembled with MgO-
LHIC composite membranes could achieve a maximum power
density of 70.4 mW cm > at a current density of 110 mA cm 2.
Comparatively, the ZIFBs assembled with porous polyolefin
membranes only reached a peak power density of 55.7 mW
cm ™ at a current density of 80 mA cm™>. At a high volumetric
capacity of 17.8 Ah L™" (50% SOC, 20 mA h cm ?), ZIFBs
assembled with LHIC membranes exhibited minimal capacity
decay over 75 cycles at a high temperature of 60 °C, while
unmodified membranes displayed obvious degradation within
only 11 cycles (Fig. 5e-g). Furthermore, the CE and EE of MgO-
LHIC composite membrane-based ZIFBs reached 95.1% and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic of ZIFBs for energy storage applications in high
temperature regions. (b) CE, VE, and EE of ZIFBs based on blank porous
polyolefin and MgO-LHIC composite membranes. (c) The charge—
discharge curves of the MgO-LHIC composite membrane-based
ZIFBs at different current densities. (d) The voltage and power density
diagram of ZIFBs at different current densities based on porous
polyolefin and MgO-LHIC composite membranes. (e) The cycling
performance of ZIFBs at 20 mA cm~2 based on blank porous polyolefin
and MgO-LHIC composite membranes and (f and g) the corre-
sponding capacity—voltage profiles at different cycles, respectively.

67.5% in 75 cycles, respectively, far surpassing the CE (61.1%)
and EE (46.8%) of porous polyolefin membranes before 12
cycles. Even at a high temperature of 60 °C, the improved
performance of ZIFBs assembled with MgO-LHIC composite
membranes can be attributed to the stable adduct of MgO-
iodine, which can effectively suppress the shuttling effect based
on the Donnan exclusion as well as the concentration gradient
effect.

Conclusions

In summary, LHIC-based composite membranes were pio-
neeringly developed by introducing a LHIC-based coating layer
onto cost-effective porous polyolefin membranes, where the
LHIC was constructed by exploiting the adduct chemistry to
form strong chemical adsorption between the iodine species
and a series of low-cost oxides (e.g., MgO, CeO,, ZrO,, TiO,, and
Al,03). Having the strongest and most stable iodine adsorption
capability, the MgO-LHIC composite membrane can suppress
the iodine crossover most effectively by Donnan repulsion and
concentration gradient effects. At a high volumetric capacity of
17.8 Ah L, the CE/EE of the LHIC composite membrane
remained above 96.3%/68.6% in 170 cycles, far exceeding the
values (78.2%/61.9%) of the porous polyolefin membrane in 60
cycles. Even at a high temperature of 60 °C, the ZIFB based on
the MgO-LHIC composite membrane effectively suppressed
iodine shuttling and enabled a significantly higher CE than that
of the porous polyolefin membrane. It should be noted that
various low-cost oxides (i.e., MgO, CeO,, ZrO,, TiO,, and Al,O53)
are verified applicable for the LHIC-based membrane, where it
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embodies the effectiveness of applying the Donnan repulsion
force by building a LHIC layer to inhibit the shuttling of the
active polyiodides in ZIFBs. This work presents a cost-effective
and easily applicable strategy to exploit low-cost membranes
for zinc-iodine flow batteries to address the cross-over issue by
polyiodide species, paving the way for the practical application
of ZIFBs.
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