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Aluminum dual-ion batteries (ADIBs) are presently
gaining attention as emerging stationary energy storage
systems in view of their low cost,1 long cycling life,2−4

and high energy efficiency.5 Seminal reports on intercalation of
AlCl4− ions into graphite by Fouletier et al. date back to the
1970s.6 The past decade has seen renewed and extensive
research in this area, aiming at developing practical ADIBs.7,8

These studies encompass the mechanisms of intercalation and
diffusion of the AlCl4− ions in cathode materials,9 the degree of
the cathode volume expansion,10−12 the electrochemical
properties of ionic liquid electrolytes,13 and so forth. While
the underlying chemistries are now rather well understood, the
literature thus far still lacks a balanced battery-level assessment
of achievable gravimetric and volumetric energy densities.
Since ADIBs are not rocking-chair-type batteries, like
aluminum-ion or lithium-ion batteries, the approaches are
not directly interchangeable, either. This Viewpont aims to
close this gap. Such analysis is particularly needed to guide
engineering of the architecture of the battery, optimal loadings
of cathode materials, and proportions of active and inactive
components in the battery.
Typically, laboratory tests aim at the deliberate testing of

ionic liquid electrolytes and cathode materials, thus using cells
containing, for instance, a large excess of the ionic liquid
electrolyte and active cathode material loadings. ADIBs vastly
differ from Al-ion batteries. There is no one-directional
movement of Al3+ ions through the electrolyte from the
negative to the positive electrodes and vice versa. Instead,
chloroaluminate ionic liquid acts as both the electrolyte and
electrode material, and in the following it is referred to as the
anolyte. It acts as a source of Al2Cl7− and AlCl4− ions required
for electrochemical energy storage in accordance with the
following charge/discharge reactions:

e

On the negative electrode:

4Al Cl 3 7AlCl Al2 7 4+ + (I)

x e

On the positive electrode:

AM AlCl AM (AlCl )x4 4+ ++
(II)

where AM is a cathode active material.
A typical example of the anolyte is a mixture of AlCl3 (Lewis

acid) and another organic ion chloride (ACl, Lewis base), such
as 1-ethyl-3-methylimidazolium chloride (EMIMCl). As a
result of the acid−base interactions, the salt mixture becomes a

liquid at room temperature and comprises AlCl4−, AlCl4−/
Al2Cl7−, or Al2Cl7− anions (depending on the molar ratio of
AlCl3/ACl), which are charge-balanced by organic cations:

r

r r r
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3

2 7 4

+

+ + >+

(III)

This anolyte serves for reversible plating/stripping of Al at
the Al foil and acts as the source of AlCl4− ions required for the
intercalation/insertion into the positive electrode during
charge. The chemical composition and quantity of the anolyte
are thus changing upon charge and discharge, contrary to
“rocking-chair” Al-ion battery systems, where chloroaluminate
ionic liquid acts solely as a transmitter of the Al3+ ions. The
theoretical quantity of the anolyte is the one providing the
needed quantity of Al2Cl7− ions, because solely Al2Cl7− ions
enable the electroplating of aluminum.14,15 The charging of
ADIBs stops when no Al2Cl7− ions are left in the ionic liquid,
which results in the formation of the neutral melt ([AlCl3]:
[Cl−] = 1). Considering the concentration of Al2Cl7− ions in
an ionic liquid electrolyte, which can be expressed through the
parameter r (“acidity”), which is the AlCl3:ACl molar ratio, and
molar masses M of AlCl3 and ACl, the charge storage capacity
of the chloroaluminate ionic liquid electrolytes is16
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where F = 26.8 × 103 mAh mol−1 (the Faraday constant), x =
3
4
(number of electrons required for reduction of 1 mol of the

Al2Cl7− ions), MAlCld3
is the molar mass of AlCl3 in g mol−1,

MACl is the molar mass of the Cl− source (for example,
EMIMCl) in g mol−1, r is the AlCl3:ACl molar ratio (r > 1),
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and ρ is density of the chloroaluminate-based anolyte in g
mL−1.
We further calculate the achievable gravimetric and

volumetric energy densities of ADIBs with graphite cathode5,17

and EMIM anolyte,18 with several assumptions as to the other
components and size of the battery. Graphite thus far offers the
most compelling characteristics as a cathode in terms of energy
efficiency, charge-storage capacity, average discharge voltage,
and reversibility when compared to other known ADIB
cathode materials.8 To account for the effects of anolyte
acidity on the voltage and capacity of graphite, they were
varied in the range of 1.77−2.02 V and 117−148 mAh g−1

(245−311 mAh cm−3), respectively. These values were
determined experimentally when cycling Kish graphite flakes
at a current density of 100 mA g−1 using anolytes with different
acidities.5 We considered the conventional composition of the
cathode, particularly, 97 wt% cathode active material and 3 wt
% pVdF binder, although the contribution of the latter to the
energy densities is rather small, as shown in Figure S1. The
cathodes consisted of 30 vol% of pores which are filled with
anolyte.
The quantity of the anolyte must at least match the charge of

the used graphite (in mAh). For instance, with the graphite
and anolyte capacities of 100 mAh g−1 and 48 mAh g−1,
respectively, a 1 cm2 graphite electrode with a capacity of 1
mAh cm−2 (corresponding to a loading of 10 mg cm−2) must
be coated by 15 μL of anolyte. The practical charge storage
capacities of the anolyte are by ca. 10−14% lower at a current
densities higher than 20 mA g−1.19 We thus factored in the
effect of varying the excess of anolyte on the resulting energy
density of ADIBs. The excess of anolyte was also expressed as
an N/P ratio, which is the ratio of the areal capacity of the
anolyte (in mAh cm2) to the areal capacity of the graphite (in
mAh cm2). Molybdenum cathode current collector (12 μm
thick foil) was used for the analysis, as its oxidative stability in
highly corrosive chloroaluminate ionic liquids was demon-
strated to be significantly higher than those of stainless steel,
Al, Ti, and Ni.20 The aluminum anode is comprised of 12 μm
thick Al foil.
The analyzed cell (Figure 1) was chosen to have an

architecture similar to the common Li-ion pouch cell.

Particularly, it consists of 20 double-side-coated graphite
cathode layers on a Mo current collector, 20 layers of Mo
cathode current collector foil, 40 layers of glass fiber separator,
20 layers of Al foil, and 2 layers of packaging foil. As shown in
Figure S2, lower numbers of graphite cathode layers will yield
significantly lower energy densities due to the increased ratio
of inactive vs active battery components. The dimensions of
the battery were 5.5 cm × 8.5 cm. The thickness of the porous

glass fiber separator was calculated from the total quantity of
used anolyte minus the quantity present in the pores of
cathode, considering the porosity of 81%. Further information
on the thickness and density of the individual cell components
can be found in Table S1 (see Supporting Information). The
cell volume of the ADIB was calculated in the fully discharged
state, i.e., the state in which the battery would be assembled.
No kinetic or transport constraints were considered in these
calculations.
Figure 2 summarizes the calculated achievable gravimetric

and volumetric energy densities of ADIBs as functions of the
areal capacity of the cathode, the anolyte acidity, and the
excess of the anolyte. The profound effect of the anolyte
acidity is seen when comparing r = 1.3 and r = 2.0:
gravimetric/volumetric energy densities rise from 23 Wh
kg−1/37 Wh L−1 to 40.2 Wh kg−1/76.6 Wh L−1 (with 1 mAh
cm−2 graphite cathodes), respectively. This difference stems
from the difference in capacities of the anolytes of low (19
mAh g−1 and 25 mAh cm−3 for r = 1.3) and high acidity (49
mAh g−1 and 69 mAh cm−3 for r = 2.0). Higher capacity
corresponds to higher concentration of Al2Cl7− ions,
responsible for the electroplating of aluminum. Interestingly,
the influence of the areal capacity of the graphite electrodes is
significant only in the range of 0−1 mAh cm−2. For instance,
the gravimetric/volumetric energy densities decrease only
slightly from 47.4 Wh kg−1/80.8 Wh L−1 to 40.2 Wh kg−1/76.6
Wh L−1 (using an anolyte with r = 2) when the areal capacity is
decreased from 5 to 1 mAh cm−2.
On the contrary, further reductions of areal capacity to 0.5,

0.25, and 0.1 mAh cm−2 lead to significant decreases of energy
density to 33.8 Wh kg−1/72.0 Wh L−1, 25.6 Wh kg−1/ 64.3 Wh
L−1, and 14.8 Wh kg−1/48.6 Wh L−1, respectively. Remarkably,
this correlation between area capacity and energy density is
vastly different for Li-ion batteries, where a drastic rise of the
energy density persists to areal capacities of ca. 2 mAh cm−2.
As apparent from Figure S3, this difference is mainly related to
the large proportion of active materials of 66 wt% and 80 vol%
(with 1 mAh cm−2 graphite cathodes) in the total mass and
volume of ADIBs, respectively. Therefore, the increase in the
areal capacity of the electrodes, which leads to an increase in
the fraction of active materials compared to the non-active
materials, has a rather minor effect on the energy density at
areal capacities of >1 mAh cm−2.
Importantly, our results show that the excess of anolyte has a

drastic negative impact on the energy densities of ADIBs and
should be minimized (see Figures 2c,d, S4−S7). For instance,
the use of 50 wt% of excess anolyte (N/P ratio = 1.5, r = 2]
leads to a sharp decrease in energy density to 30.4 Wh kg−1/
55.1 Wh L−1 for a 1 mAh cm−2 graphite cathode. Moreover,
doubling the amount of anolyte (N/P ratio = 2, r = 2) leads to
nearly 40% lower values of gravimetric and volumetric energy
densities (24.5 Wh kg−1 and 43.1 Wh L−1) of ADIBs.
Next, we analyze the volume change of ADIBs during

cycling. In contrast to a rather small volume increase of
graphite during intercalation of Li+ ions (ca. 10%), the volume
of graphite can expand by up to 41% with intercalation of
bulky AlCl4− anions.5 Concomitantly, depending its acidity,
also the volume of the anolyte can drastically change as well.
For instance, in the case of a cell comprising AlCl3:EMIMCl
anolyte with r = 2.0 (with N/P ratio = 1), its volume might
decrease by up to 26%, corresponding to a complete depletion
of Al2Cl7− ions from the anolyte, reaching neutrality (r = 1).
The higher the molarity or acidity of the electrolyte, the greater

Figure 1. Schematics of the cell used in this work to evaluate the
energy density of ADIBs.
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is the volume change. To demonstrate the practical significance
of volume variations in ADIBs during cycling, we calculated
the volume changes of ADIBs based on anolyte with r = 2.0 at
different areal capacities of graphite cathode and amounts of
anolyte. As shown in Figure S8, despite significant volume
changes of the graphite cathode (41%) and anolyte (maximum
26% at N/P ratio of 1), the total volume of the cell changes
only by up to 10 vol%. Smaller changes in the total volume are
associated with a concomitant increase and decrease in the
volumetric fraction of graphite cathode and anolyte from
16.5% to 25.6% and from 62.3% to 50.5%, respectively. The
volumes of the other components of the cell remain the same,
with the exception of the volume of the Al foil, the fraction of
which increases only slightly from 2.7% to 3.5%. The changes
in cell volume of the ADIBs with anolytes having r = 1.1−2,
higher N/P ratios, and graphite cathodes with different areal
capacities (0−5 mAh cm−2) are shown in Figures S4−S7.
Considering possible side reactions at the Al anode and Al
dendrite growth,21 the effects of varying the thickness of the Al
anode (12−100 μm) were also analyzed (see Figures S9−S11).

■ SUMMARY AND OUTLOOK
The number of reports on ADIBs has increased dramatically in
recent years, mainly still focusing on the characteristics of
individual battery components. Herein we analyzed the factors
of critical importance for the development of commercial cells.
First, the anolyte acidity determines the gravimetric and

volumetric capacity of the anolyte and therefore has a crucial
influence on the energy density of ADIBs. The difference

between the energy densities of ADIBs with high- and low-
acidity electrolytes can be as high as 31 Wh kg−1 (9 Wh kg−1

for r = 1.1 vs 40 Wh kg−1 for r = 2) or 63 Wh L−1 (14 Wh L−1

for r = 1.1 vs 77 Wh L−1 for r = 2), even though they are
assembled with the same 1 mAh cm−2 graphite cathode.
Second, our calculations suggest that research efforts should

focus on minimizing the excess quantity of the anolyte (with
regard to theoretical) while maintaining the high rate capability
of ADIBs. For instance, non-optimized cell architectures that
use twice the theoretically required amount of anolyte (N/P
ratio = 2, r = 2) have ca. 40% lower energy density values.
Notably, most reports on ADIBs do not indicate the used
amount of anolyte.
Third, we found that the minimally required areal capacity of

the cathode in ADIBs is 1 mAh cm−2. Further increasing the
areal capacity has a rather small effect on the energy density of
ADIBs. Importantly, the majority of the reported ADIBs are
assembled with relatively low loadings of <0.25 mAh cm−2 and
low anolyte acidity. This means that the practically achievable
energy densities of such ADIBs cannot exceed 10 Wh kg−1.
A fourth issue relates to the overall volume change of ADIBs,

which can be as high as 10 vol%. Therefore, in addition to
exploring new cathode materials and anolytes, researchers
should focus on developing a radically new battery design for
ADIBs that is very different from that used in commercial Li-
ion batteries. So far, this aspect has hardly been discussed in
the literature.

Kostiantyn V. Kravchyk orcid.org/0000-0001-6149-193X
Maksym V. Kovalenko orcid.org/0000-0002-6396-8938

Figure 2. Calculated gravimetric (a, c) and volumetric (b, d) energy densities of ADIBs consisting of a graphite cathode and an AlCl3/
EMIMCl anolyte as a function of acidity (a, b) and excess (c, d) of the anolyte. The theoretical energy density values of the ADIBs,
calculated based on the mass or volume of the graphite and anolyte active materials, are indicated as white lines (28 Wh kg−1 and 40 Wh L−1

for r = 1.3 and 58 Wh kg−1 and 96 Wh L−1 for r = 2.0) on the energy density scales in (c) and (d).
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