
Application-Based Prospects for Dual-Ion Batteries
John Holoubek,*[a] Zheng Chen,*[a, b, c] and Ping Liu*[a, b, c]

Dual-ion batteries (DIBs) exhibit a distinct set of performance
advantages and disadvantages due to their unique storage
mechanism. However, the current cyclability/energy density
tradeoffs of anion storage paired with the intrinsic required
electrolyte loadings of conventional DIBs preclude their wide-
spread adoption as an alternative to lithium-ion batteries (LIBs).
Despite this, their reduced desolvation penalty and low-cost
electrode materials may warrant their employment for low-
temperature and/or grid storage applications. To expand

beyond these applications, this Perspective reviews the pros-
pects of solid salt storage and halogen intercalation-conversion
as viable methods to increase DIB energy densities to a level
on-par with LIBs. Fundamental limitations of conventional DIBs
are examined, technology spaces are proposed where they can
make meaningful impact over LIBs, and potential strategies are
outlined to improve cell-level energy densities necessary for the
widespread adoption of DIBs.

Introduction

Further integration of renewable energy and portable elec-
tronics into modern society depends heavily on the advent of
improved energy storage technologies. Electrochemical energy
storage technologies such as batteries present a complex, but
promising opportunity for providing superior performance
metrics at a low cost and have thus garnered significant
research attention. The lithium-ion battery (LIB) has so far been
extremely successful in enabling electric vehicles (EVs) and
modern portable electronics such as smart phones; however,
the diverse performance needs of various other applications
have prompted the investigation of alternative battery
chemistries.[1] Among these chemistries, the dual-ion battery
(DIB) has been a subject of interest due to its unique perform-
ance advantages resulting from its charge-storage mechanism
and potential library of cathode materials.[2]

Unlike the “rocking chair” mechanism found in LIBs, DIBs
operate via a “salt splitting” storage mechanism in which
cations are inserted into the anode while anions are inserted
into the cathode during charge, and the ions are released back
into the electrolyte during discharge.[2] In this regard, DIB

anodes operate identically to LIB anodes and have access to the
same materials library. DIB cathodes, on the other hand, require
materials capable of reversibly intercalating anions, which
significantly diverge from cation-hosting cathode materials.
Perhaps the most widely studied DIB cathode is graphite, which
was first demonstrated to reversibly host anions as early as
1938, and operates via a similar staging intercalation mecha-
nism to that of the cation-hosting graphite anode.[3,4] Also
reliant on an ordered sp2 carbon structure, aromatic crystals
(e.g., coronene) have been successfully demonstrated as an
anion host, which operate primarily via edge adsorption, similar
to hard carbon anodes.[5] Metal-organic-frameworks (MOFs)
have also been demonstrated to display reversible electro-
chemical anion storage, which host charged species in their
ordered molecular pore structure.[6] Lastly, there is a relatively
large library of polymer hosts with redox-active centers that
support anion storage via a chemisorption mechanism.[2a,7]

Though there is a diverse set of anion-hosting cathode
materials, each present a distinct set of advantages and
disadvantages for future employment and scalability.

The foremost advantage of DIBs is the materials cost of the
cathodes, which, excluding MOFs, contain no transition metals.
Given the established market volatility, mining practices, and
scarcity of Co, in addition to the growing cost of Ni, DIBs based
on organic materials promise to circumvent the future econom-
ic and ethical concerns associated with LIB cathodes.[8] Addition-
ally, the nature of anion storage allows DIBs to be developed
for a variety of low-cost cations such as Na+, K+, Zn2+, Mg2+,
Ca2+, and Al3+, where identifying stable, low-cost, cation-storing
cathode materials is known to be a challenge.[1c,d,5c,f,9] Addition-
ally, the kinetics of anion storage has been broadly observed to
be substantially improved compared to that of cation storage,
regardless of whether said storage is measured to be
pseudocapacitive or diffusion limited.[4h,7c,g] As an extreme
example, Wang et al. demonstrated the reversible operation of
the graphite cathode at a 100C at nearly 80% capacity
retention.[4h] While a precise description of this kinetic advant-
age has yet to be reached, one obvious difference is a
substantial reduction in desolvation penalty, which is known to
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limit cation storage, due to the negligible interactions between
anion and solvent in solution.[10] Furthermore, the reversibility
of anion storage is ostensibly remarkable, where DIB cathodes
have demonstrated thousands of stable cycles, though the
majority of works do so under half-cell conditions, a critical
distinction.[4h,5b,7e,f,9g] These advantages are illustrated in Figure 1.

Despite these advantages, the larger size of anions relative
to cations results in significantly reduced specific capacity for
DIB cathodes relative to LIB.[2a] Moreover, the tap density of
anion-hosting carbon materials is typically inferior to that of
transition metal oxide LIB cathodes, which further reduces cell-
level energy density at scale.[2b,11] In addition to these inherent
disadvantages for DIBs, the “salt splitting” mechanism stores
charge from the ions present in the electrolyte, which requires
a minimum electrolyte loading in the cell, further reducing cell-
level energy density.[2b,11] In principle, the elevated voltage of
the graphite cathode (>5 V vs. Li/Li+) partially recoups some of
the aforementioned energy density losses and has thus
garnered substantial attention from the DIB research commun-
ity. However, the inherent challenges associated with stabilizing
a high-volume-change material at such extreme conditions
have so far proved to be too large to achieve sufficient cycle life
under practical full-cell conditions (e.g., 1<N/P<1.5).[2b,4a,c–g,12]

To minimize electrolyte volume, increasing salt concentration is
necessary, and in principle acts to further reduce electrolyte
cost while slightly improving electrolyte cost per cell due to a
reduction in solvent requirements.[2b,3b,11] However, this strategy
is fundamentally incompatible with solvent fluorination, which
have been shown to improve oxidative stability >5 V, but

typically show reduced salt solubility and are expensive to
manufacture at scale.[4a,13] The interdependence of these factors
introduces a negative interdependence between cell-level
energy density, cyclability, and materials cost for DIBs, which
greatly limit their application (Figure 2).

Areas of Impact for Current Dual-Ion Batteries

While the disadvantages of current DIBs render their degree of
future adoption unclear, their performance advantages over
LIBs warrant consideration for a number of energy storage
applications. Though technologies that require high energy
density, such as portable smart devices and electric vehicles, are
out of reach for current DIBs, the aforementioned advantages
of anion-storing cathode materials make them uniquely
equipped to handle specific design requirements and operating
conditions.

Low-temperature operation

Though LIBs are ideally suited for operation under ambient
conditions, their operating temperature versatility is relatively
narrow. In particular, their low-temperature operation is
severely limited kinetically, where their energy densities have
been observed to suffer dramatically beneath 0 °C.[14] While the
ionic conductivity of the electrolyte, migration of ions through
the solid electrolyte interphase (SEI), and diffusion of ions

Figure 1. Mechanistic schematic of LIBs and DIBs and summary of DIB cathode advantages. *=primarily demonstrated under half-cell conditions.
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through the solid electrode materials all degrade at low
temperatures, the charge-transfer process at the interphase has
been concluded to dominate the low-temperature
performance.[9,14d,15a,b] The energy barrier attributed to ion de-
solvation largely defines this charge-transfer behavior, which is
highly related to the outer-sphere reorganization energy
discussed in Marcus Theory.[15c] In this regard, the Li+ ion
(considered a hard acid) is sub-optimal due to the strong
binding interactions with the negative dipole found in common
solvents, which increases the energy barrier for such
reorganization.[15d] However, unlike cations, anions weakly
interact with or even repel solvent molecules, giving them an
inherent advantage for scaling towards low temperatures due
to a reduced barrier for solvation and de-solvation at the
interphase (Figure 3).

Though addressing the low-temperature limitations of
secondary batteries has gained traction in the literature as of
late, relatively few studies focus on DIBs for such
applications.[14d,15e] Despite this, the studies available indicate
that a variety of anion-hosting cathodes provide superior low-
temperature performance retentions compared to conventional
LIBs. In 2017, Dong et al. demonstrated all-organic batteries
utilizing anion-storing polymer cathodes capable of delivering
70% of room-temperature capacity at � 70 °C, when a chemistry
utilizing cation storage retained only 22%.[16a] Since then, a
number of works have demonstrated similar improvements at
reduced temperatures with a variety of anode materials and
charge carriers.[16b–d] Due to the previously discussed remarkable
kinetic advantages of the graphite cathode, our group has also
demonstrated a substantial improvement in low-temperature

Figure 2. Summary of disadvantages and technological realities of improvement strategies applied to DIBs employing aprotic electrolytes. Note that the
spider chart designations are largely qualitative and determined from the references provided next to each metric.
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performance for dual-graphite cells over conventional LIBs.[16f]

Despite this promise, the baseline cyclability of the graphite
cathode under full-cell conditions still prohibits their application
at scale.

To make a meaningful difference in low-temperature energy
storage applications, significant effort must be made towards
the operation of DIBs under practical conditions. In principle,
the intrinsically superior low-temperature scaling of DIBs should
yield a conditional cross-over regime for the energy density of
DIBs and LIBs (Figure 3); however, understanding the practical
limits of DIB energy density is necessary before isolating such a
temperature threshold. In particular, the impact of reduced
electrolyte volume may pose immense challenges at scale,
given that the consumption of ions in solution would
progressively reduce the ionic conductivity during charge.
Moreover, the aforementioned studies largely focus on electro-
des with areal loadings insufficient for commercial applications.
The influence of these factors on the temperature scaling of
DIBs must be determined before a conclusion regarding the
superior low-temperature battery chemistry is reached.

Stationary grid storage

Unlike EVs and the majority of portable electronic applications,
stationary energy storage applications require a distinct set of
primary baseline metrics. which LIBs were not necessarily
designed to provide. Given the nature of stationary storage,
energy density does not take precedence over other consid-
erations, as the size of the battery will likely be dwarfed by the
energy harvesting apparatus itself (e.g., most estimates suggest
a typical solar farm requires 5–10 acres per MW generated).[17a]

Instead, batteries used for grid storage prioritize cost, taking
into account materials, frequency of replacement, and oper-
ation. These costs are generally represented by levelized cost,
measured in $kWh� 1 cycle� 1, and take into account not only

battery capital costs but the lifetime of its use before
replacement.[17] Additionally, the energy efficiency and self-
discharge performance of prospective grid storage batteries is
of high interest to minimize energy loss over the storage period
following initial conversion. Traditionally, these metrics have
motivated the investigation of flow batteries and reduced-cost
chemistries such as Zn-based systems; however, the aforemen-
tioned intrinsic advantages of DIBs also warrant attention in this
regard.[1c,18a]

While the inherently low cost of DIB electrode materials
presents an advantage in levelized cost over LIBs, the necessary
high electrolyte volume presents substantial concern at scale. In
this regard, flow batteries, which store energy in said electro-
lyte, and aqueous Zn chemistries, which do not rely on the
electrolyte to provide charge carriers, may be preferable.
However, these technologies also have significant downsides,
where flow cells have well-established issues regarding poor
energy efficiency, self-discharge, and cycle life, and reversible
operation of the Zn metal anode and multivalent-ion-storing
cathodes in low-cost electrolytes remains a challenge.[18] It is
therefore paramount that DIB in operation be successfully
demonstrated in low-cost, ideally aqueous electrolytes.[2d,17e] To
this end, a variety of chemistries have been recently developed
with a wide range of aqueous electrolytes utilizing low-cost
salts based on Zn2+,[5f,7e,19] Na+,[20] Mg2+,[21] and NH4

+ [22] with
cathodes ranging from Mn3O4 to graphite (Figure 4). Moreover,
a select number of these low-cost systems have demonstrated
half-cell cycle lives on the scale of 104, with operating voltages
far more attractive for scaling to reduced N/P ratios. Moreover,
the development of water-in-salt electrolytes (WiSE) utilizing
low-cost salts such as ZnCl2,

[19,23a,b] NaClO4,
[23c] KCH3COO,[23d]

NH4CH3COO,[23e] and so on present an opportunity for further
performance and energy density optimization without adverse
economic impacts.

The integration of these low-cost DIB chemistries paired
with the demonstrated cycle lives in literature shows great

Figure 3. Rationale for the low-temperature application of DIBs over LIBs. The pictured energy density vs. temperature relationship is theoretical, qualitative,
and highly dependent on the applied electrode and electrolyte chemistry of each system.
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promise for reducing levelized cost beneath the long-term goal
of 0.1 $kWh� 1 cycle� 1;[17b] however, a number of aspects must be
further investigated before conclusions are made. First, the
poor reductive stability of aqueous electrolytes renders typical
cation-intercalating anode materials unavailable for use, which
necessitates either the advent of novel anodes, or the
stabilization of Zn metal in the aforementioned low-cost
electrolytes.[17e,18c,d] Additionally, as with any commercial battery
system, the impact of practical operating conditions required
for optimal energy density on various performance attributes
must be elucidated before application at scale. In particular,
clear and decisive efforts towards reducing N/P ratio (full-cell
balancing), increasing electrode loading, and reducing the
electrolyte volume should be made to identify any adverse
effects towards the ostensibly advantageous cycle life of DIBs.
Such considerations may play a critical role in the participation
of DIBs in the technological landscape of grid storage.

Strategies to Overcome Dual-Ion Battery Limitations

Though current DIBs show promise for fulfilling a limited
number of energy storage applications, their primary practical
limitation is the lack of cell-level energy density and required
electrolyte loading. The improvement of these metrics would

not only improve the competitiveness of DIBs for low-temper-
ature and grid storage technologies but may also expand their
feasibility into other technologies. Though the energy density
of LIBs is likely unreachable for DIBs, a slight reduction may also
be tenable to drive down the price of a variety of portable
electronics (this rationale is similar to that behind sodium-ion
batteries). The following conceptual analysis outlines two
strategies that show promise to drive up the energy density of
DIBs through solid salt storage to drive down the required
electrolyte volume at scale, and the pursuit of redox-active
charge carriers to further increase the specific capacities of
anion-hosting cathodes.

Solid salt storage

The primary limitation of both gravimetric and volumetric
energy density in DIBs is the required electrolyte volume
necessary to supply ions to the electrodes.[11] Assuming the
cathode capacity is limiting in the full-cell, the minimum
required electrolyte amount is defined by the point where the
total electrolyte charge is equal to the total cathode capacity
[Eq. (1)]:

Figure 4. Prospects of DIBs employing aqueous electrolytes for reducing the levelized cost necessary for stationary energy storage. The electrode cost of each
system is considered comparable, yet likely dependent on the viability of the Zn anode.
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F � z � Celectrolyte�Velectrolyte

3:6 ¼ qcathode �mcathode (1)

where F is the faraday constant, qcathode is the specific capacity
of the cathode [mAhg� 1], mcathode is the total active mass of the
cathode, z is the valence state of the ions, Velectrolyte is the total
electrolyte volume, and Celectrolyte is the concentration of the
electrolyte [molL� 1]. The minimum required electrolyte loading
(Vreq) can be calculated according to Equations (2) or (3):

Vreq ¼ 103 �
3:6� qcathode

F � z � Celectrolyte

mLelectrolyte

gcathode

� �

(2)

Vreq ¼ 106 �
3:6� 1electrolyte

F � z � Celectrolyte

gelectrolyte

Ah

h i

(3)

where 1electrolyte is the density of the electrolyte [gmL� 1]. From
this relationship it can be calculated that for a monovalent 4m

electrolyte with an assumed density of 1.4 gmL� 1 (used in
previous models),[11] the required electrolyte loading for a DIB is
around 13.1 gAh� 1. LIBs, on the other hand, only require
enough electrolyte to fully wet the pores of the electrodes and
separator, and therefore typically employ commercial electro-
lyte loadings in the range of 2–3 gAh� 1. While this minimum
electrolyte loading has been historically managed through the
increase of salt concentration, this approach is inherently
limited by the salt solubility in the electrolyte (note that
reported concentrations are typically with respect to solvent
volume instead of total volume, and thereby overestimate the
achievable concentration of common electrolytes).[2b,4g] A design
solution to reduce the required electrolyte loading of the cell
while providing a sufficient ion source to ensure full utilization
of both electrodes is therefore highly desirable.

We propose to achieve this required electrolyte reduction
through the addition of solid salt stores within the battery
pictured in Figure 5a as part of the cathode composite, though
the optimal location for such storage within the stack is up for
debate. Doing so would provide additional ions to the system
to continually replenish the electrolyte concentration during
charging (Figure 5b). Though this salt indeed contributes addi-
tional passive mass and volume to the overall stack, the ion
supply provided by a solid is far denser than that supplied by
an electrolyte, which is in large part solvent. While a clear
drawback of this strategy is that the employed liquid electrolyte
must be fully saturated with salt, the advent of localized-high-
concentration electrolytes allows this to be achieved without
untenable reductions in ion transport and wetting
properties.[24a,b] To demonstrate the feasibility of this solid salt
storage, we employ a pouch cell model, which integrates the
previously discussed minimum required electrolyte loading
with the conventional metrics of previous models.[24c] We
assume a 4.5 V, 5 Ah graphite j jgraphite cell with solid salt
storage in the cathode composite (fixed conductive carbon and
binder contents of 5% each) and enforce an electrolyte loading
that must exceed 110% of both the total cathode capacity and
maximum total pore volume of the cathode (accounting for salt

dissolution), anode, and separator. Full details are provided in
the Supporting Information. As shown in Figure 5c, the
inclusion of solid salt storage has the potential to significantly
improve both gravimetric and volumetric energy density
through the reduction of required electrolyte volume. The
degree of improvement is largely dependent on the molecular
weight and density of the salt, where LiBF4 shows a baseline
energy density increase from 148 to 174 Whkg� 1 at 14 wt% salt
in the cathode compared to an increase of only 4 Whkg� 1 in
the lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) case. It is
also noteworthy that the optimum salt content also shifts as a
function of Mw, where the added salt capacity is offset by added
passive pore volume at high mass % (Figure 5c).

Though solid salt storage offers a substantial increase in
energy density as well as a reduction in electrolyte cost, a
number of practical considerations must be addressed. Though
the aforementioned projection model assumes salt integration
into the cathode composite and a baseline porosity of 30%
which then goes onto increase during salt dissolution, the
optimal cell location and method for solid salt storage still
requires additional thought and effort. Additionally, due to the
relationship between molecular weight and energy density
improvement identification of a low weight anion with
reversible storage performance is also highly desirable. It is also
necessary to determine the impact of repetitive internal salt
dissolution and precipitation on cycle life. Proper cell design to
reduce impact on mass transport during re-precipitation may
involve the need to increase separator porosity/thickness, or
further electrode structure design. Additionally, ensuring the
electrochemical stability of the solid salt in contact with either
electrode is crucial to ensuring cycle life. Though the anion
stability in solid salt form is likely improved to that in its liquid
form due to intimate ion-pairing interactions, the impacts of
the precipitation of potentially reactive materials on passivating
interphases is relatively unknown.[24a] Despite these lingering
questions, solid salt storage may present a solution to the long-
standing energy density limitations of DIBs.

Halogen intercalation-conversion

Though solid salt storage promises to significantly improve the
required electrolyte loading of DIBs, these requirements still
vastly exceed LIBs. Additionally, achieving desirable energy
densities would still require the of employment of >5 V
graphite cathodes, which as previously discussed have not
been reversibly demonstrated in limited N/P ratio full-cells due
to parasitic reactivity.[2b,4a,c–g,9] Improving the capacity of moder-
ate-voltage anion storage paired with solid salt storage is
therefore necessary to achieve DIBs with energy densities
rivaling LIBs. As the primary limitation of anion storage capacity
is the size/mass of anions found in common battery electrolyte
salts, DIBs employing halogen anions (I� , Br� , Cl� , F� , etc.) have
been a subject of investigation for improved capacity. However,
the majority of halogen storage cathodes tend to rely on
electrode chemistries that undergo substantial phase change,
such as BiF3, and face kinetic and cycling limitations.[25] Halogen
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conversion has also been investigated, primarily in iodine
chemistries (I2, I3

� , I� ), where dissolved anions in the electrolyte
undergo redox reactions. However, these cell chemistries
encounter many cross-talk-related challenges associated with
liquid-phase charge storage and rely on either mesoporous
hosts or single-ion conducting membranes to reversibly cycle
without substantial shuttling.[19c,26] Hence, the long-term cy-
clability of DIBs based on high energy halogen chemistries have
yet to be realized in limited N/P ratio full-cells.

While these intrinsic tradeoffs between anion-storing cath-
ode capacity and cyclability have historically limited develop-
ment, a solution may have been realized with the advent of
anion intercalation-conversion chemistries (Figure 6a). As dem-
onstrated by Yang et al., Cl� and Br� can be co-intercalated

within graphite, and if oxidative current is maintained the Cl�

Br� can be further oxidized to [BrCl]� within the graphene
sheets, with a practical reversible capacity of around
220 mAhg� 1.[27a] In addition to this remarkable increase in
capacity, halogen intercalation-conversion occurs at �4.5 V vs.
Li/Li+, which indicates that long cycle lives may be more
achievable that in conventional >5 V graphite cathode systems.
Works from Guo et al. and Sonnenberg et al. demonstrate the
reversible intercalation-conversion of [ICl2]

� within graphite at a
reversible capacity of around 300 mAhg� 1, which indicates that
the entire library of interhalogens may be employed in DIBs.[27b,c]

Li et al. have also recently demonstrated the conversion of I� to
I3
� within a redox-active organic electrode, which may also

indicate that the host library for interhalogen storage extends

Figure 5. Conceptual appeal of solid salt storage for the reduction of required electrolyte loading in next-generation DIBs. (a) Schematic of working
mechanism of solid salt storage in the battery’s cathode. In principle the salt can be stored anywhere in the cell. (b) Relationship between state-of-charge and
salt concentration in the electrolyte, where solid salt storage would facilitate lean-electrolyte conditions. (c) Projected gravimetric energy density and required
electrolyte loading as a function of stored salt content in the cathode slurry based on a pouch cell model (Supporting Information). Projection is for 4.5 V,
5 Ah graphite j jgraphite pouch cells at N/P=1.2 and 3 mAhcm� 2 cathode loading. The required electrolyte loading is calculated as the amount of 4m

(1.4 gmL� 1) electrolyte required to match 110% of the cathode capacity. Full calculation details and assumptions are provided in the Supporting Information,
and the model is included as a Supplemental file.
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beyond graphite.[28] As a demonstration of the promise of such
chemistries, we apply the previously discussed cell-level energy
density model (Figure 6b–d). These projections indicate that
though intercalation-conversion dual-graphite batteries based
on [BrCl]� interhalogens represent a relatively small improve-
ment over conventional dual-graphite systems, their increased
capacity in tandem with solid salt storage could in principle
reach energy densities of 225 Whkg� 1 and 371 WhL� 1 at scale
(see the Supporting Information for details).

Despite the clear promise of halogen intercalation-conver-
sion DIBs, significant effort must be investigated to further
develop and understand the principles dictating their reversi-
bility and scaling feasibility. First, the limited reports of halogen
intercalation-conversion in graphite cathodes have so far
required WiSE systems such as 21m LiTFSI+7m lithium
trifluoromethanesulfonate (LiOTF) or 120m choline chloride+

30 m ZnCl2 +5 m KI. To ensure long-term compatibility with the
graphite and alkali metal anodes, it is crucial that the barriers to
achieving intercalation-conversion in aprotic electrolytes be
elucidated. Furthermore, the relatively low half-cell coulombic
efficiencies of currently demonstrated systems (�99%[27a] and
�90%[27b]) indicate that additional stabilization methods of the
intercalation-conversion host must be developed for their

integration to low N/P ratio, lean electrolyte full-cells. Along
these lines, methods to further catalyze the formation of
interhalogens within anion-storing hosts while suppressing
their conversion in the electrolyte should be investigated to
improve cycling efficiency, stability, and to expand the library of
possible interhalogens/interhalogen hosts. Despite these clear
barriers, DIBs based on intercalation-conversion may legiti-
mately represent an opportunity for achieving similar energy
densities to LIBs at a fraction of the materials cost.

Conclusions

The dual-ion battery (DIB) is a unique energy storage system
with a set of intrinsic advantages and disadvantages that
present both exciting performance prospects and daunting
design challenges. Though the inherent rapid interphasial
kinetics associated with anion storage and the wide library of
naturally abundant electrode and electrolyte materials are
ostensibly desirable over lithium-ion batteries (LIBs), their
projected energy densities lag far behind lithium-ion cells.
These reduced energy densities fundamentally stem from the
high required electrolyte loadings associated with the dual-ion

Figure 6. Advantages of halogen-based anion intercalation-conversion storage for next-generation DIBs. (a) Schematic depicting the halogen conversion-
intercalation charge storage mechanism. Projected pouch cell metrics for conventional dual-graphite and dual-graphite halogen intercalation-conversion
chemistries based on the previously discussed model (Supporting Information). (b) Projected gravimetric energy density, (c) projected volumetric energy
density, and (d) projected required electrolyte loading. The applied (optimal) solid salt composition for the intercalation-conversion dual-graphite+ solid salt
storage system was 25% by mass.
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storage mechanism, and the relatively reduced capacity of
anion storage. Though anion-storing graphite cathodes may
mitigate this energy loss, their extreme voltages preclude their
reversible operation in full-cells and therefore limit practical
feasibility. Despite this, their rapid kinetics have been demon-
strated to significantly improve cell performance scaling
towards low temperatures, which may indicate there are sub-
zero conditions at which DIBs exceed the power density of LIBs.
Additionally, their low-energy densities do not preclude them
from competition in stationary energy storage, where the
emphasis is equally placed on materials cost and cycle life.
There may be next-generation strategies for DIBs to approach
LIB energy densities at the cell level. Through cell-level
projection models, we predict that the inclusion of solid salt
stores within the battery stack may significantly reduce the
required electrolyte loading, thereby improving both gravimet-
ric and volumetric energy density. Furthermore, the recent
advent of halogen intercalation-conversion storage may present
a lasting solution to the energy density, cycle life, and materials
cost tradeoff that currently limits feasibility at scale. Though
difficult, there are legitimate paths for widespread adoption of
DIBs at scale.
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achievable energy densities limit
their future applications to low-tem-
perature operation and grid-scale
energy storage. To overcome this,
solid salt storage in the stack and
further development of halogen in-
tercalation/conversion cathodes
could raise energy density projec-
tions to lithium-ion battery levels
and are thus vital future research di-
rections.
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