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Aqueous aluminum batteries (AABs) have emerged as promising next generation batteries owing to their sus-
tainability and high theoretical capacity. However, conventional aqueous electrolytes bring challenges, such as
low voltage windows, and corrosion. Therefore, the new subclass of aqueous electrolytes, water-in-salt (WIS)
electrolytes, are lately being considered. This study explores in detail aluminum/graphite (Al/G) cells utilizing

WIS electrolytes. Parameters such as interelectrode distance, voltage range, and current density were investi-
gated. The results revealed that cells with a 6 mm interelectrode distance, operating in the voltage range of
0.1-1.6 V at a current density of 0.5 Ag™!, demonstrate the highest capacity (80 mAhg™?) in the stabilized cycle
stage, compared with other configurations.

1. Introduction

Aluminum is an ideal metal for battery applications due to its sus-
tainability, abundance, recyclability, and safety. Additionally, the
theoretical multivalent-ion transfer in aluminum enables impressive
gravimetric and volumetric capacities of 2980 mAh g~! and 8051 mAh
cm ™3, respectively, which are significantly higher than those of many
other battery materials. The commonly used electrolyte in aluminum
batteries is the non-aqueous ionic electrolyte. However, ionic electro-
lytes are regarded as an incompatible choice for long-term use because
of sustainability issues and safety concerns. Thus, developing aqueous
electrolytes is highly relevant, aligning with the concept of sustainable
green energy storage [1,2]. However, utilization of conventional
aqueous electrolytes presents challenges, such as the narrowing of the
electrochemical potential window, and severe corrosion of aluminum
electrodes [2,3]. However, a subclass of the aqueous electrolyte, the
water-in-salt (WIS) electrolyte, has shown enhancements compared to
the conventional electrolyte, offering a wider electrochemical potential
window and controlled corrosion.

The WIS electrolyte aluminum chloride hexahydrate (AlCl3-6H20)
has been proposed for use in aluminum batteries, as detailed in a paper
[4]. The WIS electrolyte was further examined in a previous study by
Rastabi et al. [5], where AlCl3-6H,0:H,0 with a mass ratio of 4:1 was
found to be the optimum ratio. It was demonstrated that using WIS,
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compared to non-aqueous, electrolytes significantly increase the bat-
tery's capacity [5]. However, a steady decline in capacity was observed
during battery cycling. This degradation was attributed to the formation
of an unfavorable interphase layer, covering the surface of the
aluminum electrode, thus preventing further electrochemical reactions
and causing degradation in cycling stability [5].

This work aimed to investigate a range of parameters in aluminum
Al/WIS/graphite (G) batteries, such as interelectrode distance, potential
window, and current density, to shed light on the efficacy of using WIS
electrolytes.

2. Experimental

Aluminum foil with a purity of 99.5% and 100 pm thickness (Mod-
ulor GmbH, Berlin, Germany) as the negative electrode; a composite of
nano graphite with an active mass of 2 mg/cm? as positive electrode
(details given in [5]); and silver foil with 99.9% purity and 100 pm
thickness (Sigma-Aldrich, Hamburg, Germany) as the current collector
were used in cell assembly. The aqueous electrolyte of AlCl3-6H30, 99%
purity (Sigma-Aldrich, Stockholm, Sweden), with an optimum
AlCl3-6H20:H50 ratio of 4:1 (WIS 4), was formulated [5]. A novel
polymeric coin cell consisting of three main components — the upper and
the bottom case, where positive and negative electrodes are located, and
an internal cylindrical component — was fabricated using 3D printing
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Fig. 1. Schematic of the polymeric cell structure.
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Fig. 2. Cycling performance of the Al/WIS4/G cells at various interelectrode

technology (Fig. 1). The internal component, of varying thickness, was

(a)

distances under the voltage range of 0.1-1.8 V and a current density of 0.5 Ag™!

filled with WIS electrolyte, eliminating the need for a separator.

(b)
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Fig. 3. Cycling performance of the Al/WIS4/G cells at: (a) an electrode distance of 6 mm, tested across different voltage ranges at a current density of 0.5 Ag™"; (b)
an interelectrode distance of 6 mm under the voltage range of 0.1-1.6 V, cycled at various current densities.
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Fig. 4. Optical microscopy images of aluminum electrodes disassembled from different interelectrode distances after 100 cycles: (a) 1 mm; and (b) 10 mm. SEM
images of the aluminum electrode from the last cycles at different voltage ranges: (c) 0.1-1 V, showing slight signs of corrosion; and (d) 0.1-2 V, showing that the
aluminum electrode is broken into pieces due to high corrosion, and fully covered with an interphase layer (dashed lines mark the periphery interphase layers).

Different thicknesses of 0.25, 1, 2, 3, 6, and 10 mm of the internal
component resulted in different electrolyte volumes and interelectrode
distances in assembled cells. The microstructure of the electrodes was
examined through optical and field emission scanning electron micro-
scopy (SEM) (MAIA3; Tescan, Sweden). The cyclic voltammetry (CV)
was recorded within a potential window of 0.1-2 V at a scan rate of 5
mVs~! using a VersaSTAT 4 Potentiostat Galvanostat (Ametek, Berwyn,
PA, USA), Fig. S1. Galvanostatic charge-discharge (GCD) tests were
performed at various potential windows between 0.1 and 2 V, with
current densities ranging from 0.1 Ag™' to 1 Ag™ .

3. Results and discussion

Fig. 2 illustrates the cycling performance of the Al/WIS4/G battery
with various interelectrode distances in a voltage range of 0.1-1.8 V at a
current density of 0.5 Ag L. The cells with interelectrode distances of 1,
3, and 10 mm exhibited a continuous degradation of capacity over 100
cycles. The cells with a 0.25 mm interelectrode distance degraded
rapidly and failed at 17 cycles due to short circuiting. However, the cell
with a 6 mm interelectrode distance demonstrated distinct behavior.
After about ten initial cycles, capacity was stabilized and only a slight
decline in capacity was seen until the 100th cycle. The capacity degra-
dation slopes were calculated as 0.0049, 0.0059, 0.0023, and 0.0048 for
interelectrode distances of 1, 3, 6, and 10 mm, respectively. Notably, the
cell with a 6 mm interelectrode distance exhibited only about 50% of the
degradation compared to cells with other interelectrode distances.

Fig. 3a illustrates the cell with the optimum interelectrode distance
of 6 mm at various voltage ranges, from 0.1 V to 2.5 V, and a current
density of 0.5 Ag™!. For higher voltages, i.e., 1.8 V and 2 V, cycling
performance followed a similar trend: initially, the cells exhibited high
capacities, which gradually decreased over cycles. By contrast, cells with
lower voltages, i.e., 1 V and 1.2 V, displayed a different pattern; ca-
pacities initially increased over the first few cycles, forming a curved

trend, then showed stable capacity until they failed. At the voltages of
1.4 V and 1.6 V, after few initial cycle degradations, cells stabilized.
However, the cell operating at 1.6 V revealed the best stability, and
longest long life (350 cycles), among all other tested cells. Overcharging
a cell to 2.5 V led to cell failure after only 20 cycles.

Fig. 3b illustrates the cycling performance of the cell at various
current densities, of 0.25, 0.4, 0.5, 0.6 and 0.8 Ag"l, within the optimum
electrode distance of 6 mm and a voltage range of 0.1-1.6 V. At the
lowest current density of 0.25 Ag™?, the cell exhibited an initial high
capacity of 510 mAhg ™!, which sharply declined up to the 48th cycle,
followed by a gradual decrease until failure at cycle 199. At current
densities of 0.4 and 0.5 Ag™!, the cell displayed a similar behavior. At
0.4 Ag~?, the initial capacity was 180 mAhg ™!, with a gradual decline up
to the 50th cycle, and ultimate failure at cycle 354. At 0.5 Ag~!, the cell
demonstrated even more stable cycling, retaining around 70 mAhg ™! by
the 345th cycle. Although the cycling performance at 0.6 Ag~* followed
a similar trend to current densities of 0.4 Ag™', and 0.5 Ag~!, it
exhibited about 50% shorter cycling life. At the highest current density
(0.8 Ag_l), the cell exhibited a different behavior, starting with a low
capacity of 20 mAhg~!, which increased in a curved trend to 100
mAhg ™, then failed in a few cycles. This behavior could be attributed to
insufficient ion intercalation into the graphitic layer at higher current
densities [6].

It was of interest to investigate Al electrodes cycled from short and
long electrode distances, e.g., 1 mm and 10 mm, in 100 cycles (Figs. 4a
and b). The Al electrode using a 10 mm interelectrode distance showed
several large corrosion pits, while such pits were absent in the Al elec-
trode with a 1 mm interelectrode distance. However, in both Al elec-
trodes, a rough interphase layer formed. Such layers are composed of
electrolyte salts and aluminum corrosion byproducts that have accu-
mulated on the aluminum foil during cycling [5]. These findings indi-
cate that 10 mm electrode distances lead to an increase in aluminum
corrosion. By contrast, with a 1 mm interelectrode distance, only slight
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corrosion occurred. Figs. 4c and d provide insight into the impact of
voltage ranges on the aluminum surface, explaining the results shown in
Fig. 3a. Fig. 4c reveals that the Al surface from the lower voltage range
(0.1-1 V) shows slight corrosion evidence. In fact, large Al surfaces
remained unreacted, and in a few spots, an interphase layer formed. By
contrast, Fig. 4d, presenting a higher voltage range (0.1-2 V), shows that
the Al electrode was significantly corroded, even disintegrated into
several pieces, and was entirely covered by the interphase layer. This
means that the aluminum oxide layer is unable to withstand this voltage,
and therefore larger areas of fresh aluminum are exposed to the elec-
trolyte. This consequently increased the cycling life from 155 to 240
cycles, increasing the upper cutoff voltage from 1 V to 2 V.

4. Conclusions

In this work, aluminum/graphite cells in a new subclass of aqueous
electrolyte (WIS) were investigated. The results indicate that cell oper-
ation is directly correlated with the interelectrode distance, which im-
pacts ion transport efficiency. The optimum distance found within the
present cell configuration was 6 mm. Furthermore, the results demon-
strate that the cell within the voltage range of 0.1-1.6 V and a current
density of 0.5 Ag™! gave the best cycling stability.
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