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Highly soluble iodide/triiodide (I"/137) couples are one of the most
promising redox-active species for high-energy-density electro-
chemical energy storage applications. However, to ensure high
reversibility, only two-thirds of the iodide capacity is accessed
and one-third of the iodide ions act as a complexing agent to
stabilize the iodine (l,), forming Iz~ (I;17). Here, we exploit bromide
ions (Br) as a complexing agent to stabilize the iodine, forming
iodine—bromide ions (I;Br~), which frees up iodide ions and
increases the capacity. Applying this strategy, we demonstrate a
novel zinc/iodine—bromide battery to achieve an energy density of
101 W h Lposolytesnegotyte — (OF 202 W h Lyosayte 2, Which is the
highest energy density achieved for aqueous flow batteries to date.
This strategy can be further generalized to nonaqueous iodide-based
batteries (i.e. lithium/polyiodide battery), offering new opportunities to
improve high-energy iodide-based energy storage technologies.

Energy storage systems are a critical enabling factor for deploying
unstable and intermittent renewable power sources such as solar
and wind power sources.' Redox flow batteries (RFBs) are one of
the most promising technologies for storing the intermittent
energy generated from renewable sources, owing to their design
flexibility in decoupling energy and power.>*” However, conven-
tional flow batteries exhibit about 10-fold lower energy density
compared to Li-ion batteries (LIB > 250 W h L™").>*™* Developing
high-energy-density RFBs can reduce the system footprint and
storage size and expand their usage to both stationary and
transportation applications.?®”’

Increasing the energy density of the RFBs can be achieved by
increasing the numbers of electron involved in the half-cell
reactions, the concentration of redox active species and the cell
voltage.>'* The energy density of the state-of-the-art all-vanadium
redox flow battery (VRFB) has been improved significantly
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Broader context

Redox flow batteries (RFBs) are one of the most promising technologies for
grid-scale energy storage and electric vehicle applications, owing to their design
flexibility in decoupling power and energy. However, broader application of
conventional RFBs has been limited by their low energy density. Highly soluble
iodide/triiodide (I"/I;") couples are one of the most promising redox-active
species to enable high-energy-density flow batteries. However, to ensure high
reversibility, one-third of the iodide ions act as a complexing agent to stabilize
iodine (I,) instead of contributing to useful capacity. In this work, we propose
and demonstrate a new concept of exploiting bromide ions (more abundant
and cheaper than iodide) as a complexing agent to ‘free-up’ the iodide ions
thereby increasing the usable capacity of iodide without forming irreversible
free iodine. This strategy can be further generalized to nonaqueous iodide-
based batteries, offering new opportunities to improve high-energy iodide-
based energy storage technologies.

since it was first reported, but it remains unsatisfactory
(<50 W h Lposolytesnegolyre )-' "> ** In addition, the use of
strong acids and the high cost of vanadium electrolytes is
unavoidable in the VRFB.'® Currently, there is growing interest
in employing water-soluble organic or polymer-based active
species for aqueous RFBs, demonstrating energy densities
around 10 W h Lyosolytesnegolyte - For practical applications,
zinc-based aqueous hybrid flow batteries are on the verge of
commercialization owing to their low cost and high performance.'®
For instance, the zinc-bromine RFB is one of the practical
alternatives because of its low cost and high energy density
(~60 W h Lposolytesnegolyre )->'° Unfortunately, bromine is
highly toxic and corrosive.®'® A fully flowable Zn electrode
was developed using semi-solid techniques to address the
scalability limitation of Zn electrodes."®

Iodide has been identified as one of the most promising
redox active species for redox flow batteries owing to its high
solubility in both aqueous®*° and nonaqueous media,"? fast
kinetics®*%?! and high reversibility.>>**! For instance, in a Li-I
aqueous flow battery system, Lil has a high solubility of up to 8.2 M
in water (147 Ah Lposolytefl), which is significantly higher than that
in the conventional VRFBs (~2 M, 25 A h Lyosolyternegolyte )
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In our recent work,'”> 5.0 M Lil was used to couple semi-solid
sulfur-impregnated posolyte in a hybrid Li-nonaqueous redox
flow battery yielding 550 A h Lyosoiyre - Recently, Li et al.® firstly
reported a Zn-I flow battery (ZIB) using an ambipolar zinc
iodide electrolyte with a maximum concentration of 5 M Znl,.
The concentration demonstrated is close to the saturation
concentration reported by Shiloh et al (5.6 M).>® This novel
system was demonstrated with both high power and superior
energy density (167 W h Lyosoiyee **)- The oxidation of iodide to
iodine is often described in two steps via the formation of
triiodide (I;7)**® (Standard potentials are calculated based
on Table S1, see the ESI¥)

217 © Ipaq) + 2~ E°=0.621 Vg (1)
L+ =1~ (2)
ILm >3 +e (3)

The second reaction is an equilibrium reaction with a large
equilibrium constant®®?” i.e., the concentration of free iodine
(I,) is very low in the presence of excess iodide (I"). The free
iodine is stabilized by the iodide ion in the solution to form
triiodide (eqn (2)). Upon further oxidation, the last one-third of
the iodide is oxidized to I, (eqn (3)), where no free iodide is
available to stabilize the iodine. Therefore, eqn (3) is often
observed as being not as reversible as eqn (1).>°" Due to the
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low reversibility of reaction (3), the application of iodide as
the redox active species in flow batteries has been limited in the
first step,>'>?° i.e. only 2/3 of the iodide ions contribute to the
useable capacity and 1/3 of the iodide ions are used as a
complexing agent to stabilize the free iodine (eqn (4)).
31 o I~ +2e E°=0.536 Veug (4)

Here, we exploit bromide ions (Br~) as the complexing agent to
stabilize the free iodine forming iodine-bromide ions (I,Br ™) as
a means to free-up iodide ions for charge storage (Fig. 1a).
While zinc chloride could also in principle be applied as a
stabilization agent, it is known to exhibit severe hydrolysis
issues.?? Therefore, bromide was selected to demonstrate this
concept. The bromide ions were shown to stabilize iodine to
form iodine-bromide (I,Br~).**** Both centrosymmetric I~
and asymmetric I,Br~ have a linear (or nearly linear) trihalide
structure® (Fig. 1b and c) and are thermodynamically stable.*®
In this approach, the cell voltage of ZIBB is purposely controlled
to exclude the capacity contribution from the bromide/bromine
couples (e.g. the equilibrium cell potential of zinc/bromine is
1.76 V) to avoid the formation of toxic and corrosive bromine.
With this strategy, we here demonstrated a novel zinc/iodine-
bromide (I,Br~) battery (ZIBB) with an energy density of
101 W h Lposolytesnegolyte + (0F 202 W h Lysoigee '), which is the
highest energy density achieved experimentally for aqueous flow
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(@) Concept illustration of bromide as the complexing agent to stabilize iodine. (b) Structure of the 1,Br~ ion. (c) Structure of the I3~ ion. The

bonding length of the polyhalide ion of zinc polyhalide is obtained from first-principles density functional theory calculations. (d) Cyclic voltammograms
of 0.1 M Znl,, 0.1 M Znl, + 0.05 M ZnBr, and 0.1 M ZnBr; at a scan rate of 50 mV s, (e) Schematic representation of the proposed ZIBB cell configuration.
(f) Galvanostatic voltage profiles of the ZIBB systems with 5 M Znl, + 2.5 M ZnBr; as both posolyte and negolyte at a flow rate of 10 mL min~%. The
performance of the iodide-only system (5.0 M Znl,) under the same conditions is included. In addition, a bromide-only (2.5 M ZnBr,) system with two cut

off voltages, 1.5 V (red curve) and 2.0 V (green curve), is included for comparison. The charge/discharge current density is 5 mA cm
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batteries to date. We examine the validity of this strategy using
an electrospray ionization mass spectrometer (ESI-MS) to study
the halide-containing species after oxidation of iodide in the
presence of bromide ions. We further show that this strategy
can be generalized in both aqueous and nonaqueous iodide-
based redox flow batteries, offering new opportunities to further
increase the energy density of aqueous and nonaqueous redox
flow batteries.

We first investigate the influence of bromide ions on the
redox behaviors and potential window of iodide using cyclic
voltammetry. Fig. 1d shows the cyclic voltammogram (CV) of
0.1 M Znl,, 0.1 M Znl, + 0.05 M ZnBr, and 0.1 M ZnBr, at the
scan rate of 50 mV s~'. The CV of bromide ions alone shows
that the electrochemical oxidation potential of bromide ions
(1.63 V vs. SCE, peak potential) is significantly higher than that
of iodide oxidation (0.86 V vs. SCE, peak potential). That is, the
oxidation of bromide (1.0-1.80 V vs. SCE) can be mostly
excluded in the potential window of the oxidation of iodide
(0.30-0.93 V vs. SCE). Water splitting is not observed in the
positive potential region (i.e. oxygen evolution reaction, Fig. 1d)
or in the negative potential region (hydrogen evolution reaction,
Fig. S1, see ESIt). This is consistent with the water-stable electro-
chemical window for nearly neutral aqueous solutions (—1.7-1.2 V
vs. SCE).®

We further evaluate how bromide ions influence the capacity
of iodide posolyte in redox flow batteries. Fig. 1e shows the
schematic representation of the proposed zinc/iodine-bromide
redox flow battery (ZIBB) and Fig. S2 (see the ESIt) shows the
photographs of a ZIBB single cell, which consists of a positive
electrode of graphite felt (GF) operating in a mixed solution of
Znl, and ZnBr,, Nafion membranes and a GF negative electrode
in zinc polyhalide aqueous solution. The designed reactions of
the ZIBB are shown in eqn (5)-(7), with a theoretical cell voltage
similar to that of the zinc/iodide redox battery (ZIB), ca. 1.3 V.2
The theoretical standard electrode potential of the half-cell
reaction shown in eqn (5) is determined to be 0.594 V based
on the reported thermodynamic formation energy of each
species®® (Table S1, see the ESIt). Upon charging, L,Br~ ions
will be generated in the posolyte while the zinc ions are reduced
to form zinc metal on the negative electrode. Such a process
is accompanied by the movement of the zinc ions from the
posolyte to negolyte serving as the charge carrier. Upon discharge,
the reverse reactions occur.

charge
+ve: 2T +Brm = L,Br +2 E°=0.59%Vsye (5)
discharge
> charge
—ve: Zn*t +2¢ = Zn E°=—-0.76Vsug (6)
discharge
5 charge
Overall : 21" +Br  +Zn*t = LBr +7Zn Vg = 1.354V
discharge

()

While the solubility of Znl, in water is quoted as 4500 g ano_l,
7.0 M,® we note that Znl, precipitation starts to occur at concen-
trations larger than 5.5 M, as evidenced in Fig. S3 (see the ESIT),
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showing the formation of solid precipitation at a concentration of
5.6 M Znl,. This observation is consistent with the saturation
concentration reported by Shiloh et al>® (5.6 M Znl,) and the
maximum demonstrated posolyte concentration by Li et al®
(5.0 M Znl,). At concentrations larger than 5.0-5.5 M Znl,, we
believe that partial or localized precipitation could occur during
operation due to variation in the distribution of the active
materials and/or water content in the flow cells. Fig. 1f compares
the galvanostatic voltage profiles of a ZIBB (5.0 M ZnI,:2.5 M
ZnBr,), and an iodide-only system (5.0 M Znl,) under continuous
flow mode at 10 mL min . In addition, a bromide-only (2.5 M
ZnBr,) system with two cut off voltages, 1.5 V (red curve) and 2.0 V
(green curve), is included for comparison. Interestingly, with the
same cut-off cell voltage (1.50 V), the cell with Br~ (ZIBB) achieves
higher charge and discharge capacity compared with the iodide-
only cell (ZIB). The bromide-only cell cut-off at 1.5 V shows no
capacity and the bromide-only cell cut-off at 2.0 V shows an
average voltage at ~1.8 V, which is consistent with the equilibrium
voltage of zinc/bromine (1.76 V). These two control cells directly
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Fig. 2 (a) Comparison of the demonstrated energy density as a function
of the concentration of active species for ZIBB and state-of-the-art
aqueous flow batteries (AQS/Br,2*” Fe/Cr.® zinc/Br,%*® TEMPO/Viol,* VRF
(additive),** VRF (mixed acid)*® and zinc/polyiodide®). The data of ZIBB
were obtained from Fig. 1f and Fig. S5 (ESIf) (100% SOC). (b) Discharge
polarization curves of the ZIBB with 3.5 M Znl, + 1.75 M ZnBr, as both
posolyte and negolyte at 10 mL min~! with one N-115.
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demonstrate that the additional capacity observed in the ZIBB cell
(cutat 1.5 V) does not originate from the oxidation of Br~ to Br; ™. In
addition, the enhanced capacity cannot be explained by the
differences in the ionic conductivity since the ionic resistance of
the ZIBB (5.0 M Znl,: 2.5 M ZnBr,) is comparable to that of the
iodide-only system (5.0 M Znl,) (Fig. S4, see the ESI{). We
further evaluate the influence of the concentration of the active
materials on the achievable capacity and energy density using
three concentrations (X M Znl,:X/2 M ZnBr,, where X = 1.5,
3.5 and 5.0). As shown in Fig. S5 (see the ESIt), the discharge
capacity of the ZIBB with 1.5 M, 3.5 M and 5.0 M mixed
electrolyte is ca. 32, 58, and 87 A h Lyosolytenegolyte > Tespectively.
By integrating the curve of voltage vs. capacity, the 1.5, 3.5, and
5.0 M ZIBB system yields a high energy density of 41, 67
and 101 W h Lyosolyternegolyte > respectively (or 82, 134 and
202 W h Lposolyee -

The demonstrated energy densities of the proposed ZIBB in
continuous flow mode as a function of the electrolyte concentration
are summarized and compared with other reported aqueous flow
batteries (Fig. 2a). Depending on the availability of the reported
value in the literature, two normalization bases for the energy
density are used, including the energy density based on the volume
of both posolyte and the negolyte (W h Lposolytemego]yteﬂ, left axis) as
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well as the energy density based on the volume of the posolyte
(W h Lposolyee ', Tight axis). The new ZIBB system proposed in this
study exhibits the highest energy density among all reported
aqueous redox flow batteries to date. Detailed calculations and
comparison are summarized in Table S2 (see the ESIt). Fig. 2b
shows the discharge polarization curve of a flow ZIBB (3.5 M
Znl,:1.75 M ZnBr,) at 10 mL min '. The applied current
densities range from 5 to 100 mA cm > The highest power
density achieved was 50 mW cm™> at a current density of
70 mA cm™ 2. The power density of the current prototype is
mainly limited by Ohmic polarization with contact and ionic
resistance associated with the membrane (Fig. S6, see the ESIT).

We then examine the cycling stability and the Coulombic
efficiency of the proposed ZIBB flow battery. Fig. 3a and b show
the galvanostatic cycling profiles of the 3.5 M and 5.0 M flow
ZIBB system, respectively. The voltage profiles are stable over
cycling with high capacity retention and Coulombic efficiency
around 95%, as shown in Fig. 3c and d. Two Nafion N-117
membranes were used to prevent crossover at the expense of
increased cell Ohmic resistance from 1.7 Q to 4.1 Q (Fig. S7, see
the ESIT). To further quantify the contribution of voltage losses
in the cell, we performed four-electrode measurements (Fig. S6,
see the ESIt) during the operation of the ZIBB. We monitor the
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Fig. 3 Galvanostatic voltage profiles of (a) the ZIBB with 3.5 M Znl, + 1.75 M ZnBr; as both posolyte and negolyte at 10 mL min~* and (b) the ZIBB with
5 M Znl, + 2.5 M ZnBr, as both posolyte and negolyte at 10 mL min~. Cycling retention in Coulombic efficiency and discharge capacity of (c) the
ZIBB shown in (a), and (d) the ZIBB shown in (b). The charge/discharge current density is 10 mA cm™2. Both systems are operated at a state-of-charge

(SOC) of ~70%.
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voltage drop between the positive electrode and the SCE
inserted in the posolyte (E,), between the negative electrode
and the SCE inserted in the negolyte (E,), between the two SCE
reference electrodes across the membrane (V,,,), and between
the positive and negative electrodes (V). As shown in Fig. S6
(ESIt), the polarization during operation under 15 mA cm™ > at
the positive side (AE,) and the negative side (AE,) is ca. 60 mV
and 20 mV, respectively. These voltage losses in the positive
electrode and negative electrode are much lower than the
voltage loss across the membrane (i.e. AE,, = 220 mV, Fig. S6,
ESIY), suggesting that the resistance of the ion-exchange membrane
is the limiting factor of the ZIBB system and requires further
development of the ion-exchange membrane for redox flow
batteries.**

We further demonstrate that this concept can be applied to
halide systems in nonaqueous media for high-energy lithium
storage, forming a lithium/iodine-bromide (I,Br~) battery
(LIBB). Similarly, the negative and overall reactions of the LIBB
are shown in eqn (8) and (9). The design cell reactions have a
theoretical cell voltage of 3.634 V, which is similar to the
lithium/iodide (aqueous) battery (3.536 V vs. Li/Li")*°

charge
+ve: 21" +Brm = DLBr +2~ E°=0.594V (5)
discharge
. charge .
—ve: Lit +e7 = Li E°=-3.04V (8)
discharge

charge
Overall : 2" + Br~ +2Li" = LBr +2Li
discharge (9)

Veen = 3.634V

We note that the observed reaction potentials of the halide
redox are lower in nonaqueous electrolytes than that in aqueous
electrolytes. For instance, the reaction potential of I /I3~ redox
in tetrahydrofuran (THF),** carbonate-based solvents®® and
1,3-dioxolane (DOL): 1,2-dimethoxyethane (DME) (1:1 v:v)'? is
ca. 3.0 Vvs. Li/Li", which is lower than that obtained in aqueous
media (3.536 V vs. Li/Li").>° We construct LIBB single cells using
a mixed nonaqueous solution of Lil and LiBr in 0.2 M LiClO,-
0.1 M LiNO; in DOL:DME (1:1 v:v). To prevent crossover of
active species, the posolyte and negolyte are separated by a
lithium conductive Li; sAl, 5Ge; 5(POy); (LAGP) ceramic membrane™
(Fig. S8 (see the ESIt)). Fig. 4a compares the galvanostatic voltage
profiles of a LIBB (2.5 M Lil : 1.25 M LiBr) and an iodide-only system
(2.5 M Lil). Interestingly, with the same cut-off cell voltage (3.20 V),
the cell with Br™ achieves higher charge and discharge capacity
compared to the iodide-only cell. Since the cut-off voltage is
significantly lower than the theoretical cell voltage of Li/bromine
(4.01 V),"® we attribute the additional capacity to the iodide ions
that are released from being complexing agents thanks to the
presence of Br~, which can be used to stabilize iodine (I,) to
form I,Br~, similar to the case shown in aqueous media (Fig. 1f).
The LIBB shows exceptional stability with superior coulobmic
efficiency (~99%) and energy efficiency (~ 88%) over prolonged
cycling at 100% SOC (Fig. 4b). This suggests that the concept of
complexing iodine with free bromide ions to form iodine-bromide

This journal is © The Royal Society of Chemistry 2017
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(I,Br) could be applied in both aqueous and nonaqueous
environments, which offers new design strategies for high-
energy iodide-based energy storage applications. The effect of
bromide-stabilization is realized in both a nonaqueous LIBB
and an aqueous ZIBB. We note that the LIBB showed higher
stable cycling stability but lower power capability compared to
the ZIBB, owing to the solid-state Li-ion conducting electrolyte
(LAGP), which effectively blocks the crossover of active species
but increases the Ohmic resistance. We believe that developing
effective ion-exchange membranes is critical to further improving
the stability and efficiency of the ZIBB.

To understand the origin of the additional capacity, we
conducted ESI-MS to investigate the halide-containing ions after
oxidation of the posolyte. As shown in Fig. 5a, I" (m/z = 126.9)
was identified in the initial ZIBB posolyte as expected. Trace
amounts of L,Br~ and I3~ were observed in the initial ZIBB posolyte,
which could be related to the formation of trace amounts of iodine
present in aqueous iodide solution.** Comparatively, the relative
amount of LBr~ (m/z = 333.7), and I;~ (m/z = 380.7), together with
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Fig. 4 (a) Galvanostatic voltage profiles of the LIBB system with 2.5 M Lil +
1.25 M LiBr as posolyte. A controlled system using 2.5 M Lil as posolyte
is included for comparison. The charge/discharge current density is
0.1 mA cm™2. (b) Cycling retention in efficiency and discharge capacity
of the LIBB system with 2.5 M Lil + 1.25 M LiBr as posolyte. The charge/
discharge current density is 0.44 mA cm™2. Both tests are operated at a
state-of-charge (SOC) of 100%.
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[ZnLBr|™ (m/z = 399.1) and [Znl;]" (m/z = 446.1) clusters increased
after the oxidation in the ZIBB cell. The formation of cluster ions
[M,X,,]” in ESEMS is well-documented in previous reports.>”*>4¢
Combining the ESI-MS results and the additional capacity observed
in the electrochemical cell (Fig. 1f), we believe that the Br—
complexes with the free iodine in the oxidized ZIBB posolyte.
In contrast, in an iodide-only ZIB system,® a dominant peak
associated with I;~ (m/z = 380.7) was observed.® We further
conducted ESI-MS to investigate the halide-containing ions
in the nonaqueous media after fully charging (SOC 100%)
the LIBB posolyte. As shown in Fig. 5b, the ESI-MS results
unambiguously identify the presence of I,Br~ (m/z = 333.7) after
oxidation in the LIBB cell, compared to the initial posolyte. In
addition, the ESI-MS results of the ZIBB and LIBB showed that
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Fig. 5 (a) ESI-MS of the fully charged ZIBB posolyte (5 M Znl, + 25 M
ZnBr,). Initial electrolyte was also included for comparison. (b) ESI-MS of
the fully charged LIBB posolyte (2.5 M Lil + 1.25 M LiBr). Initial electrolyte
was also included for comparison. The peaks located at m/z = 446.1 and
m/z = 399.1 are assigned to zincate ions Znls~ and Znl,Br~ respectively
thanks to their isotopic pattern.*” The peaks 1, 2, 3 and 4 could be assigned
to the species or their relative isotopes of ZnIBr,™, ZnBrs~, IBr(H,O)~ and
IBr(DMF)™, respectively. The peak intensity may not represent the respective
ion concentration in the electrolyte because the tested solution is diluted
(ZIBB posolyte: by H,O, LIBB posolyte: by DMF) about 100000 times to
obtain high resolution spectra® and ESI-MS does not allow any quantification
of these equilibria.?”
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no Br;~ (m/z = 239.7) ion species were found in the charged
posolyte. This evidence together with Fig. 1f directly confirms
that no capacity contribution from the Br /Br;~ redox couple
took place. Other ESI-MS peaks observed in the posolyte can be
attributed to the common anionic cluster derivatives of zinc
ions*”*” and solvation,*®**° which are listed in detail in the
figure captions. These observations confirm that the bromide
ions act as complexing agents to the iodine, in which case some
iodide ions become available for storing charge, which could
contribute to the additional capacity compared to the pure
iodide-system.

Conclusions

In summary, we employ bromide ions (Br™) as the complexing
agent to stabilize free iodine and form iodine-bromide ions
(I,Br ), thereby increasing the capacity of the iodide ions.
We first show that the capacity of iodide can be increased in
the presence of Br~ ions without involving redox reactions of
Br /Br; . With this strategy, we demonstrate a novel zinc/
iodine-bromide (I,Br~) battery (ZIBB) achieving an energy
density of 101 W h Lyosolyternegolyte + (OF 202 W h Ligsoigte 1),
which is the highest energy density achieved for aqueous flow
batteries to date. ESI-MS measurements identify the presence
of the iodine-bromide ions (I,Br~) of the posolytes after the
oxidation in the ZIBB/LIBB, supporting that the Br~ ions serve
as complexing agents to stabilize iodine ions. Our strategy enables
high-energy-density redox chemistry with stable cyclability and
high efficiencies, and can be generalized to nonaqueous media,
offering new opportunities to improve high-energy iodide-based
energy storage technologies.
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